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ABSTRACT
The demand for locally sourced hops from Northeastern microbreweries began the
recent resurgence in local hop production. The farming community has increased
acreage and improved the quality of hops grown and processed in the Northeast re-
gion over the past ﬁve years. There was a sharp increase in the number of Northeast
hop producers from six in 2009 to over 175 in 2014. Hop growers in the Northeast
are new to the crop and have limited experience with pest identiﬁcation and man-
agement. This dissertation encompasses three research projects that were conducted
over the 2012-2014 growing seasons. These projects were the ﬁrst critical steps taken
to develop arthropod integrated pest management (IPM) tactics for Northeastern hop
growers.
First, the arthropod community in seven Vermont hop yards was evaluated. The
objectives of Chapter 2 are to 1) present current hop pest biology and management
strategies, 2) report the phenology of arthropod pests observed over three growing
seasons, 3) report abundance and peak date for each pest, and 4) document nat-
ural enemy abundance in Vermont hop yards. The survey indicates that in cool,
wet seasons hop aphid (Phorodon humuli Schrank) is expected to be a pest of con-
cern. Two-spotted spider mite (Tetranychus urticae Koch) is expected to be a pest
of concern in hot, dry conditions. Potato leafhopper (Empoasca fabae Harris) is an
unpredictable pest of special concern for ﬁrst year hop plants. When hop aphid or
potato leafhopper are sprayed for with broad-spectrum insecticide, two-spotted spider
mite secondary outbreak can be expected.
Second, the abundance of major arthropod pests and their natural enemy groups
were evaluated under drive row ﬂowering cover crop treatments. The objectives of this
study were to 1) measure the eﬀect of cover crops on natural enemy group abundance,
2) measure the eﬀect of cover crops on the three major Northeastern hop pests,
and 3) measure the eﬀect of cover crop presence on hop yield and quality. Natural
enemy groups and pests were positively correlated yet cover crop treatments had
no signiﬁcant eﬀect on natural enemy abundance. Red clover cover crop treatments
served as a trap crop for potato leafhopper. No signiﬁcant diﬀerence in hop yield or
quality was observed between ﬂowering cover crop treatments.
Finally, potato leafhopper is a documented but understudied regional pest of hops.
The objectives of this study were to 1) measure the physiological response of eight
hop cultivars to adult potato leafhopper feeding and 2) measure hop leaf recovery
from potato leafhopper injury. Gas exchange (net photosynthesis and transpiration)
and chlorophyll content were measured to quantify injury by adult potato leafhop-
per to ﬁrst year hop leaves in ﬁeld and greenhouse studies. Cultivars did not vary
signiﬁcantly in their physiological response to potato leafhopper feeding. Injury sig-
niﬁcantly reduced gas exchange measures in the ﬁeld (P < 0.05) and greenhouse (P
< 0.05) and when leafhoppers were removed, gas exchange was restored.
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1.1 Integrated Pest Management
Integrated pest management (IPM) is a dynamic and applied science. The term
was coined by Van den Bosch and Stern (1962) and continues to evolve today in
deﬁnition and practice (Baiwa and Kogan 2002). Ecosystem and human health were
highlighted as the primary reason to use non-chemical means to manage pests. As the
Green Revolution progressed into the 1960s and 1970s IPM became a product based
practice where a use anything and everything mentality was adopted. Researchers
saw IPM as one program with a list from 1-5 that would solve a pest issue, end of
story (Baiwa and Kogan 2002). By the 2000s a physical, chemical, and biological
systems approach to ecologically based pest management was fostered. Currently a
shift is underway on farms and in research from pest control to the management of
pest populations using chemical-based pesticides as a last resort. Because farms are
ecosystems, we cannot control pests permanently. We can manage their populations
below economically damaging levels while reducing the amount of pesticide used.
Sustainable pest management systems are those that implement cultural controls
and biological organisms ﬁrst and consider all pests (insects, disease, and weeds),
soil, and the surrounding landscape as parts of the pest management puzzle. Narrow
spectrum pesticides can be very eﬀective in IPM when other practical methods in a
given IPM toolbox do not maintain pests below an economic injury level (National
Research Council 1996). Parts of the US are now approaching pest management in
these ways but chemical control remains a dominant quick ﬁx in many cropping
systems (Lewis et al 1997). In order to maintain arthropod pest populations at
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sustainable levels many cultural tools have been developed.
For example, alfalfa strips are used as a trap crop in strawberry production as
a more attractive host to the strawberry pest, tarnished plant bug (Lygus hespe-
rus Knight). Once the tarnished plant bug population reaches threshold abundance
on alfalfa, pests are removed with tractor-mounted vacuums (Swezey et al. 2007).
Northeastern berry growers currently struggle to manage the invasive spotted wing
drosophila (Drosophila suzukii (Matsumura)). Management tools do not exist yet.
Using a combination of apple cider vinegar, sugar, and yeast traps the IPM commu-
nity including farmers and researchers are now able to monitor this exploding pest
collaboratively (Gurbinger 2014, Burrack et al. 2012). There is no better IPM ex-
ample than that of Asian irrigated rice. A combination of scientiﬁc and social tactics
was implemented to strengthen rice systems to manage pests without pesticides. Bi-
ologically, ﬁsh were added to irrigation water for fertilization and staggered planting
dates were established to maintain natural enemy habitat through harvest. Pesticide
use increased resistance development of brown planthopper to resistant rice culti-
vars. Multi-media Extension outreach and education eﬀorts brought the rice farming
community together and pesticide use was reduced from 80% to 20% without yield
loss in 1993 (Mattson 2000). The National Research Council cited biological control,
cultivar resistance and tolerance, and narrow-spectrum pesticides as the major pest
management tools of the next century (National Research Council 1996).
1.2 Top-down and Bottom-up Methods of IPM
Basic ecological theories developed in the 1960s inform our current understanding
of trophic interactions. Hairston et al. (1960) suggested that herbivores are not
controlled by their food source (plants) but by other trophic level interactions. Ehlrich
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and Raven (1964) provided coevolution evidence that plant defense is a critical part of
herbivore control. The Washington state rocky intertidal ecosystem provided evidence
of food web changes in response to predator removal. When starﬁsh were removed
from an intertidal rock, some primary producers were pushed out of the food web
resulting in a cascade of ecological changes (Paine 1966).
Top-down pest management is a predator-prey relationship. Predatory and par-
asitic natural enemy arthropods put top-down population pressure on herbivores
by killing them. Agricultural pests have fast, overlapping generation times that can
reach outbreak population levels without predators or parasitoids in the system (Van
Driesche et al. 2008). Providing habitat in modern agriculture systems can provide
overwintering sites and supplementary food resources for resident natural enemies.
This is considered conservation biological control (Lu et al. 2014). Plants are immo-
bile yet are not neutral bystanders in an agricultural ﬁeld. Plants are in a constant
arms race with arthropod and disease pests which has resulted in a diverse array of
plant defenses. These defenses put bottom-up pressure on herbivores with complex
chemical and physical mechanisms. Cultivar resistance and tolerance are considered
bottom-up pest management tools.
1.3 Research Context
The Northeastern states of New York and Vermont produced hops commercially
150 years ago. Vermont production peaked when the state produced 289,690 kg
(638,657 lbs) in 1860 (USDA Ag Census 1860). A combination of hop downy mildew
(Pseudoperonospora humuli) Miyabe and Takah (G. W. Wilson), expanding western
production, and prohibition later in the 1920s contributed to the decline of 20th
century Northeastern hop industry. The United States ranks second to Germany
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as the largest producer of hops in the world. Washington, Oregon and Idaho have
the highest American acreage, making the Paciﬁc Northwest the major hop growing
region of the USA. (Turner et al. 2011, Almaguer et al. 2014). Over the past 5 years
the local food movement has expanded into the beverage market. There are more
than 35 breweries in Vermont that have increased the demand for local hops and
malt. Northeastern 2013 production of the crop was recognized on a national level in
2014 by USA Hops indicating that there were 10.1 and 60.7 ha reported (25 and 150
ac) of hops in Vermont and New York, respectively (2013 USA Hops Annual Report).
Hop yards in the Northeast are considered small scale and range in size from 0.1 to
7.2 ha.
Hops, grown commercially for brewing, are the ﬂowers of female Humulus lupulus
L. plants. Hop plants are a fast growing perennial bine that produces 5 m of annual
growth in height, weighing between 5 and 8 kg when harvested in August - September.
Female plants grow up coir strings to the top of a 5-5.5 m trellis system. There are two
rhizomes planted per hill. Two strings are stapled into the ground at each hill in the
spring and 3-4 bines are trained up each string. Hops are sensitive to photoperiod and
are able to grow at latitudes between 25 and 70° (Mahaﬀee 2009). Shoots emerge in
early spring, popping out of the snow in some Northeastern locations. The hop trellis
system is designed to maximize vegetative growth before June 21 when day length
begins to shorten. After the summer solstice the plants enter their reproductive phase.
At this time vertical growth slows and side arm growth is initiated. Hop buds, called
burrs, grow on side arms, becoming cones in early August. Plants are productive for
approximately 10 years and reach peak production by their third year. Because hop
plants grow so quickly they present a copious amount of new growth for phytophagous
arthropods (Neve 1991). Hops are plagued by several arthropod and disease pests
and are traditionally heavily managed with insecticides (Turner et al. 2011).
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The overall goal of the work completed for this dissertation was to provide educa-
tional hop pest and natural enemy material for new growers and conduct regionally
speciﬁc IPM research for hop production in the Northeast. Hop pests and natural
enemies in seven Vermont hop yards are documented and described in Chapter 2.
This regional perspective provides a necessary baseline of regional hop arthropod
communities. In Chapter 3, arthropod abundance under ﬂowering and non-ﬂowering
cover crop treatments is measured. This study addresses the presence of top-down
pest pressure in a Vermont hop yard. Finally, Chapter 4 dives in more detail into a
speciﬁc pest, potato leafhopper. Hop leaf gas exchange response to potato leafhopper
injury was measured between eight hop cultivars. Research on hop cultivar suscep-
tibility and resistance to potato leafhopper is ongoing and preliminary results are
presented in Appendix A.2. There are hop variety trial, downy mildew, and weed
control research reports on the UVM Extension Northwest Crops and Soils website.
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CHAPTER 2
SURVEY OF NORTHEASTERN HOP PESTS AND THEIR NATURAL
ENEMIES
2.1 Introduction
Hops have not been grown commercially in the Northeast for 150 years. Vermont
production peaked in 1860 when the state produced 289,690 kg of dried hops (Kennedy
1860). A combination of the spread of hop downy mildew (Pseudoperonospora humuli)
Miyabe and Takah (G. W. Wilson), the expansion of production in western states, and
the passing of prohibition laws later in the 1920s contributed to the decline of 19th
century Northeast hop industry. Today, Washington, Oregon and Idaho remain the
dominant hop production states of the US. However, hop production in nontraditional
regions is growing and now accounts for over 2% of the total acreage (US Hops
Association, 2014). Over the past 5 years commercial production of hops has made
resurgence in the Northeast and is mainly fueled by the local food movement. In
Vermont alone, more than 35 breweries are seeking more local ingredients including
but not limited to hops. As acreage increases, regionally speciﬁc pest challenges
have become apparent and growers are looking for relevant scouting and management
strategies.
Integrated pest management (IPM) programs are crop, pest, and region speciﬁc.
Arthropod communities are a reﬂection of climate, landscape, and management prac-
tices (Schweiger et al. 2005). The Paciﬁc Northwestern states of Washington, Oregon,
and Idaho comprise the traditional hop production region of the US. There are clear
diﬀerences in climate and landscape between the Paciﬁc Northwest and the resurging
Northeast. Therefore, it is important that Northeast hop IPM is developed to reﬂect
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regional arthropod community abundance and phenology.
Two-spotted spotted spider mite (Tetranychus urticae Koch) (Acari:Tetranychidae)
and hop aphid (Phorodon humuli (Schrank)) (Hemiptera: Aphididae), have been doc-
umented and researched extensively as the economically damaging arthropod pests
in the Paciﬁc Northwest and European hop growing regions (James 2003, Mahaﬀee
et al. 2009, Woods et al. 2014). To our knowledge, arthropod communities in hop
yards were last reported for the Northeast region in the 1940s when hop production
was prevalent within this region. Reports from the Cornell Agricultural Experiment
Station document hop aphid, two spotted spider mite, potato leafhopper (Empoasca
fabae Harris) (Hemiptera: Cicadellidae), and hop downy mildew as major pests in
New York hop yards (Magie 1942 and 1944).
In an eﬀort to provide farmers and other relevant stakeholders with current pest
management strategies it is important ﬁrst to identify predominant pests and subse-
quent natural enemies. The objectives of this publication were to 1) present current
hop pest biology and management strategies, 2) report the phenology of arthropod
pests observed in Vermont hop yards over three growing seasons (2012-2014), 3) report
abundance and peak date for each pest and 4) document natural enemy abundance
in Vermont hop yards.
2.2 Biology and Management of Major Northeastern Hop Pests
2.2.1 Two-spotted spider mite (Tetranychus urticae Koch)
Two-spotted spider mites overwinter in the crown of hop plants, woody debris, and
trellis pole crevasses as diapausing adult females. As soon as temperatures warm in
the spring, females emerge, migrate to new growth, feed, and lay up to 16 eggs/day.
Five to eight generations of spider mite are observed during the hop growing season
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in the Paciﬁc Northwest. Two-spotted spider mites are a mid-late season pest that
thrives in hot and dry environmental conditions. Spider mites develop from egg
to adult in 7-10 days at 28-30°C (Mahaﬀee et al. 2009). Two-spotted spider mite
development is strongly correlated with temperature (Raworth 1994, Wermelinger et
al. 1990). Scouting for spider mites on the underside of leaves is an important practice
given the potential for rapid population increase in the right conditions (Jeppson et
al. 1975, Weihrauch 2004).
2.2.1.1 Symptoms
Two-spotted spider mites are small, transparent mites. Eggs and nymphs are
white to clear in color while adults can appear white to yellow in color with two
dark spots on the back (Fig. 2.1). Females are the largest stage of this mite with a
length of approximately 0.5 mm. Males are approximately 0.2mm. This pest feeds
with piercing sucking mouthparts on leaf and cone mesophyll cells. The ﬁrst signs
of damage are pin-prick sized brown spots called stippling (Fig. 2.2). Adults and
eggs ﬁrst develop on the underside of leaves in the space between leaf veins. As the
population grows, webbing will appear and brown stippling will expand, eventually
turning whole leaves brown in desiccation. Foliar damage reduces plant vigor while
spider mite feeding on cones can drastically reduce the marketability of the hop
product via desiccation which causes cones to shatter (Mahaﬀee et al. 2009).
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Figure 2.1: Two-spotted spider mite adults, nymphs, and eggs.




Insecticides are the traditional management tactic used to control two-spotted
spider mite populations below economically damaging levels in hop production. Spray
applications are based on economic thresholds ranging from 1-2 mites/leaf in June and
5-10 mites/leaf in July in Washington State (Strong and Croft 1995) to 60 mites/leaf
in German hop yards (Wright and Cone 1999 and Weihrauch 2004). Economically
damaging levels of two-spotted spider mite are a repercussion of spraying certain
broad spectrum insecticides and fungicides (James 2002, James 2003, Gent et al.
2009, Woods et al. 2012). Two-spotted spider mite is a pest of hops whether broad-
spectrum insecticides are sprayed or not. However, economic damage to hop yield
and quality from this pest is seen with the application of pesticides aimed at reducing
other arthropod pests. For example, spring application of imidicloprid is a successful
method of reducing hop aphid populations but natural enemies of hop aphid and two-
spotted spider mite are also eliminated. This provides an opportunity for secondary
pests (two-spotted spider mite) to reach uncontrollable outbreak levels (James and
Price 2002, James 2003). Additionally, James and Price (2002) identiﬁed increased
female spider mite fecundity when exposed to imidicloprid. Resident natural enemy
communities regulate spider mite populations on un-sprayed hops (Huﬀaker et al.
1969, James et al. 2001, Woods et al. 2014). Due to two-spotted spider mite product
resistance, research on spider mite pest management in commercial production is
evolving toward the conservation of antagonistic arthropods and narrow spectrum
insecticides (James 2003).
Hop cultivars have diﬀerent susceptibility levels to two-spotted spider mites and
high farnesol concentration in leaves has been suggested as a possible mechanism
behind their preference (Regev and Cone 1975). Peters and Berry (1980) report
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variation in the density of leaf trichomes on diﬀerent hop cultivars. It was observed
that two-spotted spider mite development time was higher on leaves with higher leaf
trichome density (Peters and Berry 1980). Ground cover between hop rows weather
ﬂowering or not will reduce dusty conditions, favorable for two-spotted spider mite.
Flowering vegetation increases moisture and provides shelter and alternative food re-
sources for predators of two-spotted spider mite (Grasswitz and James 2009, Lu et al.
2014). Spider mites can be controlled by an assemblage of natural enemy arthropods,
viruses, and pathogens (Jeppson et al. 1975), Stethorus punctum spp. (Coleoptera:
Coccinellidae) (James 2003a) and Orius spp. (Hemiptera: Anthocoridae) have been
identiﬁed as eﬀective predators of this pest commonly found in hop yards (Grasswitz
and James 2009).
2.2.2 Damson Hop Aphid (Phorodon humuli Schrank)
Cool, wet growing seasons are favorable for the damson-hop aphid. Hop aphid
alternates between hop as the summer host and Prunus spp. (Rosales: Prunaceae)
as winter hosts. Hop aphids have a holocyclic life cycle where adult, winged females
(alate) give birth to live nymphs which develop into wingless (apterous) males and
females in addition to alate female reproductive adults. Hop aphids overwinter as eggs
on Prunus spp. and adult, wingless females hatch in the spring, laying up to four
generations of apterous females and alates. Recently hatched alatae ﬂy from Prunus
spp. to hop in early spring when temperatures reach 13°C. Up to ten generations of
apterous hop aphid on hop per season are observed in the Paciﬁc Northwest depending
on weather conditions and management practices. As photoperiod shortens toward
the end of the season, apterous females produce alates which return to Prunus spp.
in the fall, lay alate males and females which subsequently lay overwintering eggs
(Mahaﬀee et al. 2009, Wright et al. 2005).
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In Spain, peak hop aphid date is typically in mid-July (Lorenzana et al. 2013)
while in Washington, USA peak populations are observed in late August and continue
into early September (Campbell and Cone 1994). The abundance of alternate Prunus
spp. hosts in European landscape have been observed to increase the number of
migrant females in the spring in comparison to migrant populations in Washington,
USA where there are fewer surrounding Prunus spp. (Campbell and Cone 1994).
While foliar feeding can reduce plant productivity at high population levels, hop
aphids cause serious economic damage to hop yield and quality when present in
cones.
2.2.2.1 Symptoms
These soft bodied, pear shaped insects are found on the underside of hop leaves
and range in color from white to light green in color. Hop aphids are often found on
the upper and lower leaf surfaces of new hop growth (Fig. 2.3). Hop aphids have
piercing sucking mouthparts which are used to feed on the phloem of hop plants. On
hop, aphids are smaller than on Prunus spp, the summer host plant. Hop aphids
secrete a sugary substance commonly referred to as honeydew that provides the
perfect habitat for sooty mold, an Ascomycete fungi, to grow in hop cones (Wright et
al. 2005, Mahaﬀee et al. 2009, Lorenzana et al. 2010). With high aphid population
levels during cone development and at harvest time, fuzzy looking grey-black colored
mold can be found when hop cones are pulled apart. This sooty mold is the indirect
impact that aphids have on hop quality (Fig. 2.4).
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Figure 2.3: Alate hop aphids on new hop growth.
Figure 2.4: Hop cone infested with hop aphids and sooty mold.
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2.2.2.2 Management
Hop aphid population ecology and has been studied and economic thresholds have
been determined (Campbell 1977, Lorenzana et al. 2009, Wright et al. 2005). In the
Paciﬁc Northwest it is recommended to hold oﬀ from spraying insecticides against hop
aphid until an economic threshold of 8-10 hop aphids per leaf is reached (Lorenzana
et al. 2009). An economic threshold speciﬁc to the Northeast region for hop aphids
does not yet exist. Biological control of hop aphid including parasitoids (Wright and
James 2001) and predators (Campbell and Cone 1994) are an eﬀective management
tool. Hop aphids are reported to thrive on plant parts highest in nitrogen and in
hop yards with higher levels of nitrogen (Gent et al. 2009a). Because hop plants
grow quickly and can reach a height of 5m in one growing season (Neve 1991), they
are heavy feeders of nitrogen. A nutrient management plan with speciﬁc nitrogen
applications is recommended to reach optimal yield and quality but also to manage
pests at sustainable levels.
Hop cultivars vary in their susceptibility to hop aphid (Campbell 1983, Dorschner
and Baird 1988, Weihrauch and Moreth 2005). `Cascade' is reported as highly sus-
ceptible to hop aphid in the Paciﬁc Northwest (Dorschner and Baird 1988). The
mechanisms behind the variation in hop aphids by cultivar are likely a combination
of plant nutrition and chemical leaf composition. Cultivars with high essential oil
content are more attractive to hop aphids. In particular, high levels of cariophyllene





2.2.3 Potato Leafhopper (Empoasca fabae Harris)
Severe injury to hop plants from potato leafhopper feeding has been observed in
Vermont. Hop as a host for potato leafhopper has not been reported or studied since
the 1940s (Magie 1944) because it is a regional pest and hops have not been grown in
Eastern states since the early 1900s. These true bugs have an appetite for more than
200 broad leaf plants (DeLong 1971). Potato leafhopper is a migratory insect, native
to the Eastern USA. Adult females can arrive to northern Vermont anytime between
May and August making it an unpredictable pest. Adults overwinter in southern
states. Spring wind currents carry this species of leafhoppers north. Typically, adult
females arrive to Mid-Western states ﬁrst and Northeastern states last (Sidumo et al.
2005).
Upon arrival, females feed and lay eggs in hop leaf and stem tissue. Potato leafhop-
pers can develop at temperatures between 10 and 24°C (Simonet and Pienkowski 1980,
Sher and Shields 1991). On alfalfa, nymphs hatch between three and ten days after
oviposition. Apterous nymphs go through ﬁve instars over the course of 10-14 days
before ﬁnally molting into an alate adult. In another 7-10 days females will begin
oviposition (DeLong 1971). On average it takes three weeks for an egg to develop
into an adult (Hogg 1985). Depending on spring arrival time and temperature potato
leafhoppers will have 2 or 3 generations per season at northern latitudes.
2.2.3.1 Symptoms
Potato leafhoppers are light green, wedge shaped insects. Adults are 3.0 mm
in length while ﬁrst instar nymphs can be 0.5 mm long (Fig 2.5). Damage from
this pest is called hopperburn and described as V shaped leaf chlorosis where
the outer edges and tip turn yellow which further develops into brown leaf necrosis
15
(Fig. 2.6). Potato leafhoppers feed with piercing-sucking mouthparts on or phloem
depending on the plant host (DeLong 1971). From observations it appears as though
potato leafhopper feeds on hop phloem. Either the leafhopper or the plant immune
system restricts phloem ﬂow to the leaf edges resulting in leaf edge yellowing and
curling. Visual hopperburn is not present until after signiﬁcant leafhopper feeding has
occurred. Multiple studies suggest that these symptoms are the result of host plant
physiological response to potato leafhopper feeding. This response is documented by
the reduction in photosynthesis in alfalfa (Medicago sativa L.) (Lamp et al. 2007) and
grape (Vitis vinifera L.) (Lamp et al. 2011, Lenz et al. 2012). An overall decrease in
photosynthesis was measured on eight hop cultivars in 2014 (see Chapter 4).
Figure 2.5: Potato leafhopper nymphs of diﬀerent 1st, 3rd, 4th, and 5th instars
on the underside of a hop leaf. Small yellow spots on leaves are lupulin glands, not
arthropods.
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Potato leafhopper IPM programs involve monitoring of the population weekly.
In alfalfa, sweep netting and sticky traps are used to assess leafhopper populations
(Degooyer et al. 1998). In hops, scouting the underside of several leaves from each
cultivar is recommended. Potato leafhoppers are visible with the naked eye and have
a signature side-to-side scuttling movement. There is evidence that copper sulfate
fungicides (Bordeaux mixture), primarily used for hop downy mildew control, were
indirectly used to manage potato leafhopper populations in the 1800s (Magie 1944).
Copper hydroxide based sprays are currently the most widely used products to manage
hop downy mildew in the Northeast. As mentioned above, the impact of fungicides
on two-spotted spider mite, hop aphid and natural enemies has been investigated in
the Paciﬁc Northwest (James 2002, James 2003, Gent et al. 2009, Woods et al. 2012).
The natural enemy assemblage for potato leafhopper is similar to that of hop aphid
(Table 1) and spraying for potato leafhopper, another soft-bodied insect, is likely to
have similar secondary outbreak repercussions.
Potato leafhoppers are known to be repelled by glandular trichomes produced at
diﬀerent densities on alfalfa (Shockley and Backus 2002), potato (Kaplan et al. 2008)
and dry bean (Gonzales et al. 2004) cultivars. Scouting eﬀorts preliminarily indicate
that diﬀerent hop cultivars are more susceptible to potato leafhopper feeding than
others. Further research should identify which hop cultivars are more and less sus-




2.2.4 Hop Downy Mildew (Pseudoperonospora humuli) Miyabe and
Takah (G. W. Wilson)
Although hop downy mildew incidence was not included in this arthropod survey,
the biology and management of this pathogen are of great importance as it rears its
head again in Northeastern hop yards. The pathogen has been positively conﬁrmed in
numerous yards in NY, MA, and VT by the UVM diagnostic lab and at times by Dr.
David Gent of Oregon State University. Hop downy mildew is caused by the oomycete
pathogen P. humuli. Spring in the Northeast is often cool and wet providing a perfect
habitat for the spread of hop downy mildew. The pathogen overwinters as mycelium
in ground leaf litter and on hop crowns (Skotland and Johnson 1983). Research on
Eastern downy mildew strains is of particular need. It is unclear weather oospores are
an overwintering stage of the disease cycle in Eastern states (Magie 1942, Skotland and
Johnson 1983). Given moist conditions in the spring, sporangia are carried by wind
and rain containing zoospores, the primary innoculum. Zoospores enter hop leaves
through leaf stomata, germinate and produce more sporangia, which release secondary
inoculum zoospores that infect additional plants. Hop downy mildew zoospores can
arrive to a hop yard via wind currents or in already infected rootstock. The crowns
that harbor zoospores and oospores over the winter and give rise to infected shoots
in the spring, have systemic downy mildew. These shoots are called primary basal
spikes (Fig. 2.8) because they release the ﬁrst innoculum of the season. When downy
mildew is systemic the pathogen lives in the hop yard year round and will continue





Early spring (March-May) pale green-yellow shoots with short internodes are primary
basal spikes. Secondary inoculum infects already trained bines in late spring forming
areal spikes. Both basal and areal spikes have a Christmas tree appearance in
comparison to healthy hop bines (Figs. 2.8 and 2.9). Chlorotic, stunted bines that
fall away from strings are also a symptom of secondary inoculum. Foliar lesions are
present on the leaves of both basal and areal spikes. Lesions are sections of leaf cells
that form angled brown spots on the underside of leaves (Fig. 2.7). On severely
infected spikes, the entire underside of leaves will be covered in brown sporangia
producing more zoospores (Mahaﬀee et al. 2009). This hop speciﬁc disease reduces
hop moisture content and impacts the appearance of hop cones which directly reduces
the quality of hops delivered to brewers. Hop cones infected with downy mildew are
prone to early ripening, browning, uneven drying in the oast, a shorter shelf life,
and less desirable brewing characteristics, all of which aﬀect the marketability of
the product (Mahaﬀee et al. 2009, Skotland and Johnson 1983). Fungicide sprays
can cause spotting on hop leaves called phytotoxicity (Fig. 2.10) in hot and humid
weather conditions. Severe fungicide burn can result in plant desiccation. Scouting
observations indicate that certain hop cultivars are more susceptible to copper based
fungicides than others.
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Figure 2.7: Hop downy mildew foliar lesions on the underside of a hop leaf.
Figure 2.8: Hop downy mildew primary basal spike with short internodes, chlorosis,
and necrosis.
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Figure 2.9: Hop downy mildew areal spike with short internodes and chlorosis.
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Figure 2.10: Phytotoxicity from application of copper-based fungicide. Cultivars




It is diﬃcult to reduce disease in an already infested hop yard. A combination of
resistant cultivars, hop yard sanitation, and fungicides are used to reduce infestation
levels of hop downy mildew. No hop cultivar is currently 100% resistant. When
the more susceptible cultivars contract the disease the resistant cultivars are exposed
and remain subject to economic losses from reduced yield and cone quality. The
most resistant cultivars include Fuggle, Newport, Perle, Spalter, Wye Challenger,
Hallertauer Gold, Hallertauer Magnum and Hallertauer Tradition (Gent et al. 2009b).
Crowning or spring pruning is an important spring management practice where
late winter or early spring crown growth is mechanically or chemically removed. In
the Paciﬁc Northwest, Gent et al. (2012) provides evidence for the reduction in hop
downy mildew infection. Hop yards that were pruned twice showed the lowest disease
severity and growers were able to apply one fewer fungicide application. Crowning
date and number inﬂuenced yield of `Willamette' in this study (Gent et al. 2012).
Research is needed on the impact of crowning on harvest date and yield for the
shorter growing season of the Northeast region. Later maturing cultivars in Europe
have reduced yield when cut back at later dates (Goenia and Micibski 1972). After
crowning, scouting for basal spikes should take place. If basal spikes are present they
should be removed from the hop yard immediately. Sanitation of hop yard clippers
and pruning tools is a critical and easy way to reduce the risk of disease spread
(Skotland and Johnson 1983, Gent et al. 2012).
Pruning must be paired with fungicide applications for hop downy mildew man-
agement (Hunger and Horner 1982, Mahaﬀee et al. 2009). A variety of products and
application times are currently exercised in Northeastern hop yards in hopes of con-
trolling this disease. According to our 2014 pesticide survey, which included grower
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responses from Vermont, New York, and Massachusetts, the most commonly sprayed
fungicides are copper based. A mean of four fungicide applications are sprayed per
season with some farms 12 applications of a copper-based fungicide per season. In
Europe, 10-16 fungicide applications are common practice. It is clear from research in
Washington and Oregon that making the timing of fungicide sprays more precise can
reduce the number of fungicide applications per season. Using a forecasting system to
calculate emergence of the ﬁrst systemically infected spikes of downy mildew reduced
the amount of fungicide sprayed in the Paciﬁc Northwest without increasing disease
severity (Gent et al. 2010).
Powdery mildew is a second disease of economic importance in other growing
regions of the world but has not been reported yet in the Northeast region. We
would be remised not to mention that weeds are another major pest that requires
management in Northeast hop yards.
2.3 Natural Enemy Arthropods of Importance
An assemblage of generalist and specialist natural enemy arthropods reduce pest
abundance in hop yards (Campbell and Cone 1994, James 2003a, James 2003b, Gar-
diner et al. 2003, Gent et al. 2009, Grasswitz and James 2009, Grasswitz and James
2011, Woods et al. 2014).
2.3.1 Parasitoid Wasps
Parasitic hymenopterans are very small wasps abundant in diverse agricultural
landscapes. These fast and minute insects are rarely seen in the ﬁeld with the naked
eye. Therefore visual scouting is not a parasitoid wasp monitoring technique. Several
species are known parasitoids of potato leafhopper and hop aphid and their presence
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in hop yards has been documented (Grasswitz and James 2009, Wright and James
2001). Anagrus spp. are particularly known for their parasitism of potato leafhopper
eggs (Lovinger et al. 2000) while a suite of additional parasitoid species play a role
in ﬁeld pest biocontrol. Assemblages of several parasitoid species have been shown
to keep ﬁeld crop aphid populations in check (Sigsgaard 2002). The magnitude of
parasitoids as biological control agents in hops has not been studied (Grasswitz and
James 2009). However, Wright and James (2001) reared 802 parasitoids from 83 hop
aphids collected on Prunus spp. (alternative hop aphid host) in Washington state.
The most abundant species reared was Lysiphlebus testaceipes (Cresson). Grasswitz
and James (2011) identiﬁed nine generalist parasitoid species in Paciﬁc Northwest
hop yards when assessing parasitism on hop looper (Hypena humuli Harris), a minor
Lepidopteran pest of hops. The parasitoids found in this study were not H. humuli
specialists indicating that there are parasitoids in hop yards with a range of hosts.
Communities of generalist predators can be a major player in pest control in
agricultural landscapes (Symondson et al. 2002). The following generalist predator
natural enemies are members of naturally occurring arthropod communities.
2.3.2 Spiders and Predatory Mites
There are over 30,000 species of spider. This diverse group of arthropods primarily
feeds on other insects making them excellent members of predatory guilds (Riechert
and Lockley 1984). A diversity of these generalist predators, are present in healthy
agricultural ecosystems. In alfalfa, spiders are highlighted predators of potato leafhop-
per (Harwood and Obrycki 2007). Predatory mites (Acari: Phytoseiidae) including
Phytoseiulus persimilis Athias-Henriot, Neoseiulus californicus McGregor, Neoseiulus
fallacis Garman, Amblyseius andersoni (Chant), Galendromus occidentalis Nesbitt
have controlled two-spotted spider mite populations in Paciﬁc Northwest (James 2002
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and James et al. 2003) and UK (Barber et al. 2003) hop yard ﬁeld studies. In general,
spiders can be seen with the naked eye. Predatory mites are also visible but their
minute size and ability to move very quickly makes them diﬃcult to document in the
ﬁeld.
2.3.3 Predatory True Bugs
In the Anthocoridae family of true bugs (Hemiptera), the Orius genus is reported
as an eﬀective generalist predator of hop aphids (Lorenzana et al. 2010). According
to studies in alfalfa, minute pirate bugs are eﬀective predators of potato leafhop-
per (Wieser Erlandson and Obrycki 2010). Damsel bugs (Nabidae: Hemiptera) and
big eyed bugs (Geocoridae: Hemiptera) are present in Paciﬁc Northwest hop yards
(Grasswitz and James 2011) and are observed occasionally in Northeastern hop yards.
2.3.4 Lacewings
Green lacewings are eﬀective consumers of soft bodied insects in Paciﬁc Northwest
hop yards (James 2006, Lorenzana et al. 2013). James (2006) demonstrated that
the goldeneyed lacewing (Chrysopa aculata Say) populations were increased with the
placement of methyl salicylate baited sticky cards. Lacewing larvae were observed to
feed on four potato leafhoppers per day at high pest densities under lab conditions
(Weiser Erlandson and Obrycki 2010).
2.3.5 Lady Beetles
The Coccinellidae family of beetles includes many generalist predators. Hippodamia
convergens Guérin-Méneville, Harmonia axyridis Pallas, and the native Coleomegilla
maculata De Geer are just three predatory lady beetle species found in hop yards
(James 2003a, Campbell and Cone 1994). Lady beetles are well known for their con-
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sumption of soft bodied arthropod pests and certain species are mass reared for release
in some farm landscapes. Lady beetle larvae have a voracious appetite for aphids and
will consume more individual pests than the adult life stage (Koch 2003). H. axyridis
has been reported to feed on two-spotted spider mites and hop aphids in hop yards
(James 2003b). C. maculata are speciﬁcally reported to feed on potato leafhoppers in
alfalfa systems. The Western Stethorus punctum picipes (Casey), commonly known
as the spider mite destroyer is a small lady beetle that feeds on spider mites (James
2003a). Stethorus punctum punctum (LeConte) is the spider mite destroyer of the
Eastern USA and is conserved for biological control in apple production (Felland and
Hull 1996).
Table 2.1: Natural enemy groups that predate or parasitize the three major North-
eastern hop arthropod pests. Pests are listed as species while natural enemy groups
are listed with a common name and scientiﬁc taxon.
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2.4 Arthropod Scouting Methodology
Seven hop yards in Vermont were scouted every other week June-August for three
years (2012-2014). In 2012 there were very few hop yards in Vermont and those
chosen for this survey were those with growers willing to participate. Hop yards
varied in acreage, cultivar diversity, and management practices. As more farmers
started growing hops and we were able to expand our reach, the number of hop yards
sampled increased as the survey continued. (Table 2.2).
Figure 2.11: Hop yard scouting sites in Vermont. The North micro region includes
Alburgh and North Hero yards, West includes Addison and Ferrisburgh yards, and
East includes Calais, Berlin A, and Berlin B yards.
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Table 2.2: Hop yards scouted in Vermont. Small yards had <60 hills, medium
farms had 60-200 hills, and large yards had >200 hills. "Certiﬁed Organic" yards
were certiﬁed organic, Organic Practice yards were not certiﬁed but use organically
certiﬁed management while "Non-organic" yards practiced a range of management
tactics.
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Scouting took place every other week for a total of 6 collection dates at each
location annually. A group of ﬁve to seven plants was considered a plot. Three
leaves on one plant per plot were sampled during each visit between ground level
and 2m above ground. Both top and bottom leaf surfaces were visually examined
with optivisor lenses (Donegan Optical Company Inc., Lenexa, KS). Arthropods were
identiﬁed and counted in the ﬁeld. Pests were identiﬁed to species level while natural
enemies were identiﬁed to the level at which an ecological role could be assigned (Table
1). Parasitoid wasps and predatory mites are not reported due to the visual, disruptive
sampling method used. Statistical comparisons were not presented because it was the
goal to show community variation by location and management practices. The data
presented are a representation of the arthropod community found in Northeastern
hop yards. Season sums were calculated for each arthropod taxon. Pest peak date
mean was also calculated. Pest : natural enemy (P:NE) ratios were calculated by
dividing pest season sum by natural enemy group season sum.
Beyond farm location, variables impacting arthropod presence including farm size,
management practice, and microclimate region were assigned to each farm. Small,
medium, or large size was assigned to each farm. Small yards had <60 hills (<120
plants), medium yards had 60-200 hills (120-400 plants), and large yards had >200
hills (> 400 plants). "Organic" yards had an organic certiﬁcation while "Non-organic"
yards practiced a range of management tactics between organic and conventional and
were not certiﬁed organic. The North micro region included Alburgh and North
Hero farms, West included Addison and Ferrisburgh farms, and East includes
Calais, Berlin A, and Berlin B farms.
Cumulative degree days (DD) were calculated from March, 1  August, 31 for
each microclimate region using the Cornell Network for Environmental and Weather
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Applications (NEWA) database for each year of the study. The Chazy, NY (grower)
weather station was used for North farms, the Shoreham, VT station was used for
West farms, and the Calais, VT station was used for East farms. Base temper-
atures of 10°C, 13°C, and 10°C were used for two-spotted spider mites, hop aphid,
and potato leafhopper respectively. Two-spotted spider mite and hop aphid base
temperatures were chosen based on Mahaﬀee et al. (2009) and Lorenzana et al.
(2013). Potato leafhopper base temperature was the lower development threshold for
adult female oviposition (Sher and Shields 1991). Migration date inﬂuences potato
leafhopper populations in the Northeast. The DDs reported for potato leafhopper
were calculated for development after arrival in Vermont.
2.5 Scouting Results
Larger yards have a higher total number of pest and natural enemy individuals.
However, there were hot spots of pests present on small and medium sized yards.
With higher numbers of pests, the natural enemy community increased in abundance.
Aphid and potato leafhopper natural enemy assemblages were similarly composed of
generalist predators. The East micro region had fewer growing degree-days each
year of this study at both 10°C and 13°C base temperatures. Calais and Berlin are
mountain locations having elevations of 338 m and 268 m, respectively. Alburgh,
North Hero, Addison, and Ferrisburgh are at elevations between 27 m and 32 m
along Lake Champlain. Calais and Berlin yards had lower pest levels yet they are
also small and medium sized yards.
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Table 2.3: Monthly and total Alburgh, VT rainfall (cm) in 2012, 2013, and 2014.
Table 2.4: Growing degree days at 10°C and 13°C base temperatures.
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2.5.1 Two-spotted Spider Mite
Two-spotted spider mite populations were highest in 2012 and 2014. In 2012 the
spider mite peak date was in early August in all locations. The number of spider mite
generations cannot be concluded form these data but there is an overall late season
population increase in all hop yards. North and West locations had a similar early
August peak date in 2014 while Eastern locations exhibited two-spotted spider mite
peaks in late August (Table 2.5 and Fig. 2.3). Peak dates in Table 6 indicate that
spider mite destroyer populations mirrored or lagged behind two-spotted spider mite
populations. This pattern was especially clear on large yards and in years with high
two-spotted spider mite populations (Table 2.6). In Addison, the decreased ratio of
two-spotted spider mites to spider mite destroyers from 2012 to 2014 indicates that
this predator population can become established. Without considering other yard
variables, spider mite destroyers appear to have reduced the 2014 two-spotted spider
mite population in that location (Table 2.6). Addison, being a large yard, had fewer
two-spotted spider mites than Berlin B, a medium sized yard. Ferrisburgh had the
highest total number of two-spotted spider mites in 2014 with a very high P:NE ratio
(Table 2.6) showing low natural enemy abundance in this large yard.
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Table 2.5: Two-spotted spider mite season sum, peak date, and peak date mean (±
SEM) by year and farm. Small yards had <60 hills, medium farms had 60-200 hills,
and large yards had >200 hills.
Table 2.6: Spider mite destroyer adult and larvae season sums and peak date with
two-spotted spider mite sums and peak dates reported for comparison. Small farms
have <60 hills, medium farms have 60-200 hills, and large farms have >200 hills. Pest
(P) to natural enemy (NE) ratio is listed. Two-spotted spider mite and spider mite
destroyer season sums were used to calculate Pest (P) to natural enemy (NE) ratio.
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Figure 2.12: Mean number of two-spotted spider mites counted per plot, per hop
yard visit in 2012, 2013, and 2014, respectively. Three farms were scouted in 2012,
ﬁve in 2013, and seven in 2014.
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2.5.2 Hop Aphid
Hop aphid populations were highest in 2014 (Fig. 2.7). The wet spring in 2013 and
continued precipitation throughout 2014 allowed hop aphids to ﬂourish (Table 2.4
and 2.7). Two hop aphid cycles were observed in 2014. The number of generations
was inconclusive. In years of high population levels, hop aphid peak date ranged
from early to late August depending on geographic location. As expected, locations
with high total pest numbers had the highest peak date means. P:NE ratios were
highest in locations and years with high hop aphid populations indicating there could
be increased natural enemy presence to aid in pest population management. Similar
to two-spotted spider mites, a natural enemy trend was observed. Where predators
became established there were lower hop aphid season sums. Speciﬁcally in Alburgh,
the hop aphid population almost doubled from 2013 to 2014. A higher hop aphid
natural enemy population in 2014 decreased the P:NE ratio from 2013 to 2014. In
both 2013 and 2014, Addison had the lowest P:NE ratio given relatively high aphid
populations. In contrast, Ferrisburgh had the highest hop aphid population of all
yards with a high P:NE ratio indicating low natural enemy abundance in this location
(Table 2.7). Again, it is diﬃcult to compare hop aphid to potato leafhopper control
by natural enemies because these assemblages are very similar (Table 2.1). Although
spiders are not included in the hop aphid natural enemy assemblage, it is possible
that these generalist predators feed on hop aphids when there is a lack of other prey.
Alburgh had the highest spider count of all locations in 2012 and 2014 when the
highest number of aphids was observed.
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Table 2.7: Hop aphid season sum, peak date, and peak date mean (± SEM) by
year and farm. Small yards had <60 hills, medium farms had 60-200 hills, and large
yards had >200 hills. Hop aphid and total natural enemy season sums were used to
calculate Pest (P) to natural enemy (NE) ratio.
Figure 2.13: Mean number of hop aphids counted per plot, per hop yard visit in
2012, 2013, and 2014, respectively. Three farms were scouted in 2012, ﬁve in 2013,
and seven in 2014.
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2.5.3 Potato Leafhopper
Potato leafhopper populations were highest in 2012 and 2013 across all locations
with peak dates in late June and early July. Two generations of potato leafhopper
were observed in 2012 and 2013 on multiple farms. This migratory pest arrived late
to the Northeast in 2014. A low, later population was therefore observed in 2014 with
peak dates throughout July. Eastern sites had very few potato leafhoppers in the 2014
season. Addison was the location with the highest potato leafhopper pressure yet it is
also the location with the highest natural enemy abundance. Medium sized Berlin A,
had almost the name number of potato leafhoppers as Addison in 2012 with natural
enemy presence. In 2013, Berlin A potato leafhopper pest abundance and P:NE ratio
dropped indicating natural enemy impact. Potato leafhopper population numbers are
less variable by location or farm size than hop aphids or two-spotted spider mites.
Because spiders were an abundant natural enemy in all locations, P:NE ratios were
low in comparison to hop aphid P:NE values. This indicates that there is an eﬀective
generalist natural enemy assemblage for potato leafhoppers. Potato leafhopper was
typically an early season pest, attacking new hop growth. This unpredictable pest
could potentially arrive before natural enemy population levels are strong.
39
Table 2.8: Potato leafhopper season sums, peak dates, and peak date means (±
SEM) by year and farm. Small yards had <60 hills, medium farms had 60-200 hills,
and large yards had >200 hills. Potato leafhopper and total natural enemy season
sums were used to calculate Pest (P) to natural enemy (NE) ratio.
Figure 2.14: Mean number of potato leafhoppers counted per plot, per hop yard
visit in 2012, 2013, and 2014, respectively. Three farms were scouted in 2012, ﬁve in
2013, and seven in 2014.
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2.5.4 Minor Pests
Eastern comma adults and larva were abundant only in 2012 and have not been
reported as a problem since. Japanese beetles were reported as a problem on hops
in Southern parts of the Northeast region. Low numbers of this pest were observed
in 2012. A Japanese beetle hot spot was observed at the Berlin A location in late
July through early August of 2013. Hop looper was spotted on all scouted hop yards
during at least one year of the survey at low abundance (Table 2.9). The foliar
chewing damage that Japanese beetle and Eastern comma larvae incur to hop plants
is visually shocking. However, because Japanese beetles are foliar feeders and become
a problem in late July or early August, their damage is unlikely to reduce hop yield.
Table 2.9: Eastern comma adult and larvae, hop looper larvae, and Japanese beetle
adult season sums. Small yards had <60 hills, medium farms had 60-200 hills, and
large yards had >200 hills.
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Figure 2.15: Eastern comma larva, a minor hop pest.
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Figure 2.16: Japanese beetle adults and defoliation. This is a minor pest in Northern
hop yards yet a more serious pest in Southern locations.
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2.5.5 Generalist Predators
Due to the highly disturbing scouting method used in this survey parasitoid wasps
were not recorded and the magnitude of generalist predators was not represented.
Chapter 3 contains more in depth documentation of these natural enemy groups.
Across all farms lady beetles and spiders were the most abundant generalist predators
with a total of 394 and 366 individuals respectively. Lacewings were the next most
abundant natural enemy group with a total of 156 individuals followed by syrphid ﬂies
with 24 individuals and ﬁnally minute pirate bugs with 2 individuals. As expected
large farms have the highest natural enemy abundance. However, over the course of
three years the smaller North Hero and Calais farms exhibit an increase in the number
of total generalist predators. Hop yards that were sampled all three years (Alburgh,
Addison, and Berlin A) had the highest generalist natural enemy abundance in 2012
with a total of 390 individuals. In 2013 and 2014 these hop yards had a total of 180
and 162 generalist natural enemies respectively (Table 2.10). The generalist natural
enemy populations coincide with high pest abundance in 2012. Hop aphids and potato
leafhoppers totaled 2,201 in 2012, 1680 in 2013, and 356 in 2014 in the yards scouted
for three years.
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Table 2.10: Lady beetle (Coccinellidae) adults and larva, spiders, lacewing
(Chrysopidae and Hemerobiidae) adult and larva, syrphid ﬂy (Syrphidae) adults,
and minute pirate bug (Orius spp.) adults season sums by farm and year. The total
number of natural enemies excluding spider mite destroyers is listed. Small yards had
<60 hills, medium farms had 60-200 hills, and large yards had >200 hills.
2.5.6 Speciﬁc Farm Factors
While the season sums and graphical phenology of pest sums and peak date means
by location are informative, the eﬀects of cultivar genetic variation, speciﬁc manage-
ment practices, surrounding habitat, previous crop, and hop yard age on pest and
natural enemy populations were not accounted for in this survey. There are speciﬁc
management practices that we believe to have inﬂuenced certain pest populations.
Alburgh exhibited almost the same total number of spider mites in 2012 and 2014.
Pyganic, a pyrethrin broad-spectrum insecticide, was sprayed multiple times at this
location for management of potato leafhopper in 2012. This likely caused the late
season secondary outbreak of two spotted spider mites at this site (Figure 2.2). Hop
quality and yield were negatively aﬀected by this outbreak in 2012. Insecticides have
not been applied in the Alburgh hop yard since. The same total number of spider
mites in 2014 did not have an impact on hop quality or yield in the unsprayed yard.
45
2.6 Moving Forward
The patterns observed in this survey are the ﬁrst published documentation of North-
eastern pests and natural enemies since the 1940s. We consider the hop arthropod
pests of concern in the Northeast to be two-spotted spider mite, hop aphid and potato
leafhopper. We observed similar pest phenology to other hop growing regions for two-
spotted spider mites and hop aphids. As documented in the 1940s potato leafhopper
is a pest of hop in the Northeast region (Magie 1944).
Arthropod communities are known to change based on climate, landscape, and
management practices (Schweiger et al. 2005). Microclimate and hop yard size fac-
tors reported here observationally inﬂuence pest abundance. As expected, where high
pest populations were observed, natural enemies were more abundant. Habitat diver-
sity and surrounding landscape, not reported, are well known variables that increase
natural enemy presence (Landis et al. 2000 and Rusch et al. 2010).
Hop yield comes from the top third of plants. Although logistically challenging,
we suggest that mid and late season pest monitoring could be improved by sampling
the high canopy. Un-baited sticky traps can be used to monitor ﬂying pests and
natural enemies. For growers to stay in touch with arthropod populations visual
inspection of the underside of leaves should continue as weekly scouting. Because
optivisor sampling was the only scouting method used to collect arthropod counts
in this survey, ﬂying insects are not completely represented. Parasitoid wasps, not
recorded in this survey, are an important and numerous member of hop aphid and
potato leafhopper natural enemy assemblages.
Weather was an indicator of pest abundance in Northeastern hops. In a dry, hot
year we expect to see high two-spotted spider mite populations yet with cooler tem-
peratures and early or continued precipitation we expect to see high aphid populations
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throughout August. Potato leafhopper population prediction will rely on southern
reports of presence on other crops, such as alfalfa, that are routinely monitored.
Use of economic threshold levels and insecticides have not been developed for
these pests in the Northeast. When making pest control decisions, Eastern Extension
professionals reference Paciﬁc Northwest and European economic threshold ranges
for two spotted spider mites (10-100 mites/leaf) (Wright and Cone 1999, Weihrauch
2004) and hop aphid (5-70 aphids/leaf) (Lorenzana et al. 2009). The literature
suggests that thresholds for these pests vary considerably both locally and regionally
(Lorenzana et al. 2009 and Weihrauch 2004). The research hopyard in Alburgh, VT
has not exceeded a yard mean of 60 two-spotted spider mites/leaf or a yard mean
of 10 hop aphids/leaf during peak pest abundance. These levels have however been
reached in pockets of the Alburgh hop yard.
This survey provided evidenced that natural enemies and insecticide applications
impact pest populations. Natural enemies were present to varying degrees in North-
east hop yards and once established they appeared to maintain pest populations.
This was particularly clear in the Addison hop yard. Insecticides have the opposite
eﬀect as they kill natural enemies and increase the risk of a two-spotted spider mite
outbreak. This was observed in Alburgh (2012) and Ferrisburgh (2014) yards.
Multiple realms of Northeastern hop IPM require further research. Based on this
survey, economic thresholds and region speciﬁc IPM tactics should be developed.
Among the most pressing issues are potato leafhopper, hop downy mildew, and weed
management. In the Alburgh yard a range of cultivar susceptibility to potato leafhop-
per has been observed. Although some research on natural enemy populations in hop
yards has been conducted in commercial growing regions, conservation and augmen-
tative biological control research is warranted for the sustainability of hop production.
This survey was the ﬁrst step toward developing appropriate IPM tactics for mod-
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ern day Northeastern hop production. Grower pest management decisions should
be based not only on the pest and natural enemy information reported here. As




IMPACT OF DRIVE ROW COVER CROPS ON HOP YARD ARTHROPOD
PESTS AND THIER NATURAL ENEMIES
3.1 Introduction
Arthropod communities are a reﬂection of climate, landscape, and management
practices (Schweiger et al. 2005). Conservation biological control is one method of
increasing top-down pressure on a pest population and can be part of integrated pest
management (IPM) programs. The basis for conservation biological control studies is
the enemies hypothesis proposed by Root (1973) which states that top-down control
by natural enemies reduces pest arthropod damage to plants. Arthropod, disease,
and weed management is critical to hop yield and quality. Insecticides are the go-to
management tool for hop arthropod pest suppression yet the importance of natural
enemy ecosystem services in hop yards is recognized by the scientiﬁc community
(James 2003, Woods et al. 2014).
Nineteenth century US hop production took place in the Northeast region. Today,
Paciﬁc Northwestern states dominate hop production in the US. Over the past 10
years the local food movement has expanded into the beverage market initiating the
resurgence of hop production to the Northeast. Two-spotted spider mite (TSSM)
and hop aphid (HA) are the arthropod pests of economic importance in the Paciﬁc
Northwest and are continually managed with insecticides (Turner et al. 2011). The
native potato leafhopper (PLH) was a third major arthropod pest in 19th century
Northeastern hop production and is also recognized today (Magie 1944). Commercial
hop producers worldwide require alternatives to insecticides and the Northeast region
in particular requires regionally adapted pest management tools.
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While ﬂowering cover crops in perennial systems have increased natural enemy
abundance and therefore decreased pest pressure of spider mites and aphids (Altieri
and Schmidt 1986, Alston 1994, Tuovinen 1994, Wyss 1995, Gontijo et al. 2013), im-
plementation of cover crops has also been shown to increase pest presence (Meagher
and Meyer 1989, Goller et al. 1997). Few studies have investigated the use of cover
crops as a pest management tool in hop yards. A three-year Washington State study
indicated that incorporating ﬂowering plants between rows of hops attracts eﬀective
natural enemy arthropods and reduces populations of TSSM. Spider mite populations
were reduced on cover crop plot plants yet aphid populations showed more variable
population reduction (Grasswitz and James 2009). Aphid populations were highest on
hop plants with a mowed fava bean (Vicia faba L.) ground cover in Germany (Goller
et al. 1997). The need to reduce herbicide use and manage erosion in hops is also
recognized (Lepecki and Berbec 1997). Cover cropping is a logical step toward im-
proving hop production sustainability. However, appropriate cover crop plant species
must be identiﬁed and eﬃcacy evaluated for successful pest management (Geneau et
al 2012 and Gontijo et al. 2013).
Cover crops have not been reported as an IPM tool in Northeastern hop produc-
tion. Additionally, un-mowed drive row vegetation has not been evaluated for its
impact on hop yield and quality. As PLH is not a pest in the Paciﬁc Northwest
production region, including this pest in regional habitat management studies is im-
portant. In hopes of reducing pesticide use and spider mite secondary outbreak in
hop yards, we hypothesized that ﬂowering cover crops of increasing species diversity
would increase natural enemy abundance and therefore reduce hop pest abundance
in a Northeastern hop yard. Our study had three objectives; 1) measure the eﬀect
of drive row cover crops on natural enemy group abundance, 2) measure the eﬀect of
drive row cover crops on the three major Northeastern hop pests and 3) measure the
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eﬀect of cover crop presence on hop yield and quality. Susceptibility of `Cascade' and
`Nugget' to the three major arthropod pests is discussed.
3.2 Materials and Methods
3.2.1 Study Site
A certiﬁed organic research hop yard was established in the fall of 2010 at Borderview
Farm in Alburgh, VT (Vermont Organic Farmers, LLC, Richmond, VT). Six meter
tall cedar posts were set on the Benson rocky silt loam soil type, making a ﬁnished
trellis height of 4.8 m. The entire research hop yard has an area of 0.3 ha. The cover
crop trial took place on the southern 0.1 ha of the yard where cultivars `Cascade' and
`Nugget' alternate rows. The hop yard is surrounded by yearly rotating ﬁeld crops
including wheat, barley, sunﬂower, canola, and pasture. Along the eastern edge of
the hop yard is a 20 x 200 m un-mowed pasture strip with two trees in the Ulmus
genus. The hop yard is approximately 300 m from a hard wood forest, which includes
tree species in the genera Acer, Fraxinus, and Betula. These genera are not alternate
hosts of the major arthropod hop pests.
3.2.2 Experimental Design and Management
Cover crop treatments were planted on 15 May 2012 in a split strip plot design
replicated three times. The main plot was cover crop treatment and the subplot was
cultivar. Cover crop treatments included mowed clover/resident weed control (Con-
trol), red clover, Trifolium pretense (Clover), and a more diverse mixture including
common yarrow, Achillea millefolium cv. `strawberry seduction', beebalm, Monarda
ﬁstulosa, red clover, and annual sunﬂower, Helianthus annuus cv. `Durango' (Di-
verse). Cover crops were planted in the drive row between rows of hops. Hop rows
51
were mulched with hardwood bark mulch for weed management. In our region, the
majority of hop yard drive rows are currently maintained as mowed sod or weeds.
Therefore, the Control treatment was mowed clover where weeds were allowed to es-
tablish. Red clover was chosen as a cover crop treatment due to interest from hop
growers. The mixture of ﬂowering plants in Diverse plots were chosen with the goal
of continued ﬂower from June-August and for vertical structural complexity.
Each main plot was 3.65 m by 9.14 m with subplots of 0.9 m by 9.14 m and each
hill had two coir strings clipped into the ground and tied to the top of the trellis.
Three to four hop bines were trained to each string. Due to the prevalence of hop
downy mildew caused by Pseudoperonospora humuli, all hop plants in this study were
sprayed with copper hydroxide based fungicide (Champ WG Agricultural Fungicide
EPA Reg. No. 55146-1) as needed. Insecticides were not applied. All hop plants were
treated equally in terms of weed control, fertilizer applications, and other production
practices.
The cover crop plots were prepared with a moldboard plow, disked and ﬁnished
with a spike tooth harrow. Red clover in Control, Clover and Diverse plots were
seeded with a 3.08 m Kverneland drill (Kverneland Group, Norway). In the Control
and Clover treatments red clover was seeded at a rate of 1.4 kg/ha every 11.4 cm
and every 22.8 cm Diverse plots. All clover was planted to a depth of 0.64 cm. Each
Diverse plot consisted of ten planted rows to create mixed species treatments. This
mix was planted in a random rotating order of yarrow, beebalm, red clover, sunﬂower
rows. Second year plugs of yarrow and beebalm were planted by hand in rows of
nine in each Diverse plot (North Creek Nurseries in Oxford, PA). Sunﬂower seeds
were planted by hand in rows of nine in May each season yet only ﬂowered in 2012.
Original perennial plugs and red clover stand remained undisturbed for the duration
of the three-year study. In all treatments cover crops did not reach full bloom in 2012
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the establishment year. In 2013, Clover plots began ﬂowering 5 June and reached
full bloom on 27 June. Diverse plots reached full bloom on 24 July. In 2014, Clover
began ﬂowering 11 June and reached full bloom 26 June. Diverse plots reached full
bloom 21 July.
Hop plants were drip irrigated with 5977 L/ha per week June-August in all years
of this study. Hop plants were fertilized on 7 May 2012 and 28 May 2013 with North
Country Organics Pro-Booster (10-0-0) and ProGro (5-3-4) for a goal of 13.8 kg/ha
plant available N, 8.3 kg/ha P, and 11.0 kg/ha K. In 2013, an additional 11.0 kg/ha of
Chilean Nitrate was applied on 18 June. In 2014, hop plants were ﬁrst amended with
Chilean Nitrate to provide 9.2 kg/ha plant available N at training and 8.5 kg/ha plant
available N on 27 June. The hop yard was fertigated on 10 June, 28 June, 4 July,
2014 with soy based Ferti-Nitro Plus produced by Ferti-Organic. Each fertigation
application was applied to provide 0.55 kg/ha for a total of 1.65 kg/ha N applied via
the drip line. There was a total of 19.3 kg/ha plant available N in 2014. Every year
0.36 kg/ha of Boron and 0.92 kg/ha Zinc were applied.
3.2.3 Arthropod Collection
Arthropod collection was performed each week for 12 consecutive weeks over the
three seasons. Vacuum sampling was the most eﬀective collection method for TSSM
and sticky traps were the most eﬀective collection method for PLH and HA. Vacuum
samples were taken from plants and cover crop vegetation. Sticky traps were hung in
the hop canopy. Detail sampling was also conducted yet results from this collection
method are not reported (see Appendix A). Collection began the ﬁrst week of June





Of the three middle hills of each cultivar, two hills were chosen at random each week
for vacuum and detail sampling. The order in which plants and plots were vacuumed
was randomized weekly. Vacuum sampling was performed mid-day between 10am
and 2pm using a reverse leaf blower with a 25 CC 2-cycle gas engine (Poulan PRO
BVM210VS, Charlotte, NC). A 20 cm long chiﬀon bag was attached to the end of the
vacuum arm to catch the incoming sample. Each hill was vacuumed up and down for
40 s. The cover crop ground vegetation was also vacuumed for 40 s. This drive row
space was sampled by zig-zagging through the ground vegetation while vacuuming.
Samples account for 0-3 m height of each hill (as high as we could reach). The vacuum
was left on while the mesh bag was removed from the vacuum. The sample was placed
into a kill jar containing ethyl acetate and left for 2-5 minutes while the rest of the
plot samples were collected. Once all hills and the cover crop treatment had been
sampled, arthropod samples in kill jars were transferred into labelled 250 ml glass
jars containing 30 ml 70% ethyl alcohol for later lab sorting.
3.2.3.2 Sticky Traps
Sticky traps were un-baited 7.6 x 12.7 cm yellow cards hung between the two strings
of the middle plant in each plot, 1.5 m oﬀ the ground on coir rope held with wooden
close-pins. There was one trap for each variety in each plot hung between bines on
the center plant for a total of 18 traps weekly. Traps were hung after vacuum and
detail sampling each week and collected before sampling the following week.
3.2.4 Arthropod Identiﬁcation
Vacuum and sticky trap samples were sorted into pest and natural enemy groups
using a Zeiss Stemi DV4 stereo microscope (Carl Zeiss MicroImaging GmbH, Ger-
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many). Major pest arthropods were identiﬁed to species while natural enemies were
identiﬁed to functional group. Major pest arthropods included HA, PLH, and TSSM.
Natural enemy groups were formed based on previous studies that show predation or
parasitism of HA, PLH, and TSSM. Parasitoid families included Mymaridae, Chalci-
doidea, Braconidae, Aphelinidae (Lovinger et al. 2000) and were not sorted separately
but lumped into one parasitoid category. Two spotted spider mite natural enemies
included predatory mites (Phytoseiidae), spider mite destroyers (Stethorus punctum
spp.) and minute pirate bugs (Anthocoridae).
Table 3.1: Natural enemy arthropod groupings for each major hop pest species.
Vacuum, and sticky trap specimens were identiﬁed to the following classiﬁcation.
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3.2.5 Hop Harvest Yield and Quality
`Cascade' and `Nugget' were harvested when the cones reached 23% dry matter. Hop
bines were cut in the ﬁeld and harvested within 8 hrs. Bine pre-pick and total cone
weights were recorded. Percent dry matter and total cone weights were determined
at harvest. Harvested hops were air dried in a 40.5ºC oast. Once hops reached 92%
dry matter (typically overnight) a representative 100g sample of each cultivar in each
plot was collected. Alpha Analytics in Yakima, WA analyzed samples for alpha and
beta acid percentage according to the American Society of Brewing Chemists (ASBC
Hops 6a).
3.2.6 Data Analysis
Arthropod count data was square root transformed. First, Pearson partial cor-
relations were conducted for each natural enemy group and pest accounting for the
eﬀect of collection date (PROC CORR, SAS Institute 2014). Then a linear mixed
model with repeated measures (PROC MIXED, SAS Institute 2014) was used to
evaluate pest arthropods by cover crop treatment, cultivar, and collection date for
each collection method. Vacuum plant, vacuum cover crop, and sticky trap samples
were analyzed separately because collection methods did not have the same sampling
unit but similar analyses were conducted. Natural enemy group was included in the
model as a continuous covariate due to the amount of variation accounted for by this
variable. Factors were considered ﬁxed with the exception of replication. Fixed ef-
fects included natural enemy group, natural enemy group x treatment, cultivar, cover
crop treatment, treatment x cultivar, collection date, cultivar x collection date, and
treatment x collection date. Natural enemy group x treatment was removed from the
model because it was not signiﬁcant.
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In the vacuum plant model, hop plant was the experimental unit measured re-
peatedly over time. For the sticky trap model, hop plant was the experimental unit
measured repeatedly over time. For the vacuum cover crop vegetation model, cover
crop plot was the experimental unit measured repeatedly over time. Years of data
collection were not pooled. Statistics for TSSM are reported using the vacuum model
and PLH and HA are reported using the sticky trap model.
Hop quality is represented using alpha and beta acid percentage. Yield was cal-
culated using a hop population of 784 hills per acre. Cover crop treatment yield and
quality were compared using the general linear model procedure (PROC GLM, SAS
Institute 2014). Yield and quality data were run separately and included the same
ﬁxed eﬀects: year, cultivar, year x cultivar, cover crop treatment, year x treatment,
cultivar x treatment, and year x cultivar x treatment. All statistics were run at
the 0.05 level of signiﬁcance (LOS) and generated using SAS software, Version 9.4
(Copyright 2014 by SAS Institute Inc., Cary, NC, USA).
3.3 Results
3.3.1 Eﬀect of Cover Crop and Cultivar on Arthropod Pests on Hop
Plants
The TSSM population was highest in 2012. The slightly cooler, more moist seasons
of 2013 and 2014 had lower spider mite populations. There was a positive correlation
between TSSM natural enemy group and TSSM in all years (2012: r = 0.29, 2013: r
= 0.15, 2014: r = 0.14). When TSSM were most numerous in the hot and dry 2012
season, TSSM natural enemies were a strong predictor of this pest on hop plants
(Table 3.2). The eﬀect of cultivar on TSSM was signiﬁcant in 2012 and 2013 where
`Nugget' had higher abundance than `Cascade'. The eﬀect of cover crop treatment
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and treatment x cultivar did not have a signiﬁcant eﬀect on the TSSM population.
Collection date was signiﬁcant with populations of TSSM peaking in early to mid-
August in all years (Fig. A.12). There was a signiﬁcant cultivar x date interaction
in all three years of the study (Table 3.2). In 2012 and 2013, TSSM was higher on
`Nugget' until late August when the population on `Nugget' decreased and `Cascade'
increased (Figs. A.1 and A.2). In 2014, TSSM abundance remained higher on Nugget
throughout the season (Fig. A.3). There was a signiﬁcant treatment x date interaction
in 2014. The TSSM population remained fairly constant in all treatments until 21
July at which time the TSSM populations increased considerably in the Control
and Diverse treatments. The population of TSSM on plants in Diverse plots had a
similar peak abundance to the Control yet, steadily decreased into late August. Of
all treatments the Clover TSSM population remained consistently lowest (Table 3.2
and Fig. 3.1).
Table 3.2: ANOVA summary statistics for two-spotted spider mites from vacuum
samples. F values and signiﬁcance from linear mixed model with repeated measures
is reported at the 0.05 LOS for 2012, 2013, and 2014.
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PLH were most abundant in 2012 and 2013 (Fig. A.13). In 2014, PLH arrived late
with a population approximately half the size of the previous two years. In all years,
natural enemies and PLH were positively correlated on hop plants (2012: r = 0.32,
2013: r = 0.43, 2014: r = 0.40). The eﬀect of cultivar on PLH was signiﬁcant in 2013
with higher abundance observed on `Nugget'. Also in 2013, there was a signiﬁcant
eﬀect of treatment where a higher number of PLH were observed on hop plants in
Diverse treatments (Fig. 3.2). There was no signiﬁcant interaction between treatment
and cultivar. Collection date was signiﬁcant with populations of PLH peaking on 10
July in 2012 and 2013. In 2014, PLH peaked on 12 August (Fig. A.13). PLH cultivar
x date and treatment x date interactions were not signiﬁcant.
Figure 3.1: Mean TSSM/vacuum sample on hop plants in 2014. There was a
signiﬁcant interaction between treatment and collection date (Table 2). Diverse and
Control plots spiked on 4 August. Control TSSM remained high while Diverse TSSM
dropped to meet population level in Clover plots. TSSM abundance in Clover plots
remained lowest.
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Table 3.3: ANOVA summary statistics for potato leafhopper from sticky traps. F
values and signiﬁcance from linear mixed model with repeated measures is reported
at the 0.05 LOS for 2012, 2013, and 2014.
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Figure 3.2: Mean PLH/sticky trap on hop plants in 2013 by cover crop treatment.
Cultivars are combined. There was a signiﬁcantly higher number of PLH on hop
plants in Diverse plots (P = 0.01).
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The HA population was highest in 2014 when weather conditions were cool in
spring and consistent precipitation occurred throughout the season. There was a
positive correlation between HA natural enemy group and HA in all years (2012: r
= 0.27, 2013: r = 0.23, 2014: r = 0.37). Additionally, HA natural enemies were a
strong predictor of this pest in 2012 and 2014 (Table 3.4). The eﬀect of cultivar was
signiﬁcant in 2014 with `Cascade' having higher aphid abundance than `Nugget'. The
eﬀect of cover crop treatment did not have a signiﬁcant eﬀect on HA populations.
There was a signiﬁcant interaction between treatment and cultivar in 2013. `Nugget'
Control and Clover plants had higher HA abundance yet more HA were observed
on `Cascade' plants in Diverse plots (Fig. A.7). The eﬀect of collection date was
signiﬁcant in all years with HA populations peaking in early to mid-August. In 2013
aphids were less abundant with an earlier peak date in June (Fig. A.14). There was
a signiﬁcant cultivar x date interaction in 2014 where HA were higher on `Cascade'
until late August when HA on `Nugget' spiked and `Cascade' HA abundance declined
before `Nugget' (Fig. A.8). Treatment x date was not a signiﬁcant interaction for
HA.
Table 3.4: ANOVA summary statistics for hop aphid from sticky traps. F values
and signiﬁcance from linear mixed model with repeated measures is reported at the
0.05 LOS for 2012, 2013, and 2014.
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3.3.2 Eﬀect of Cover Crops on Arthropod Pests in Cover Crop
Vegetation
In 2013, TSSM natural enemy group and TSSM were positively correlated in cover
crop vegetation (r = 0.19). TSSM natural enemies were not a strong predictor of spi-
der mites in cover crop vegetation. The eﬀect of treatment did not signiﬁcantly impact
TSSM abundance. Collection date had a signiﬁcant eﬀect in 2013 and 2014. There
was a signiﬁcant treatment x date interaction in 2014 where Clover vegetation had
the highest mean TSSM population while aphid populations in Diverse plots spiked
twice. The Diverse population dropped earlier and remained lower than Control and
Clover treatments (Table 3.5, Fig. A.4).
Table 3.5: ANOVA summary statistics for TSSM in cover crop vegetation. F values
and signiﬁcance from linear mixed model with repeated measures are reported at 0.05
LOS.
63
In all years of the study PLH natural enemy group and PLH were positively
correlated (2012: r = 0.63, 2013: r = 0.73, 2014: r = 0.49). Vacuum samples from
cover crop plot vegetation indicated that PLH natural enemies were strong predictors
of this pest in all years. The eﬀect of treatment was signiﬁcant in 2012 when PLH
mean abundance was highest in Diverse vegetation and in 2013 when PLH abundance
was highest in Clover vegetation (Figs. 3.3 and 3.4). The eﬀect of collection date was
signiﬁcant in all years. There was a signiﬁcant treatment x date interaction in 2014.
In this low population year PLH had the highest population in Diverse plots which
also decreased earlier than PLH in Control and Clover vegetation. Clover typically
reached senescence by early August. The 2014 PLH population arrived after clover
senescence and therefore showed a trend toward higher PLH in Diverse plot vegetation
(Table 3.6, Fig. 3.5).
Table 3.6: ANOVA summary statistics for PLH in cover crop vegetation. F values
and signiﬁcance from linear mixed model with repeated measures are reported at 0.05
LOS.
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Figure 3.3: Mean PLH/vacuum sample in 2012 cover crop vegetation by treatment.
There was signiﬁcantly higher mean PLH abundance in Diverse cover crop plots in
(P = 0.04) yet Cover plot vegetation spiked highest.
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Figure 3.4: Mean PLH/vacuum sample in 2013 cover crop vegetation by treatment.
There was a signiﬁcantly higher number of PLH in Clover cover crop treatments (P
= 0.0001).
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Figure 3.5: Mean PLH/vacuum sample in 2013 cover crop vegetation by treatment.
There was a signiﬁcantly higher number of PLH in Clover cover crop treatments (P
= 0.0001).
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In all years of the study HA natural enemy group and HA were positively cor-
related (2012: r = 0.38, 2013: r = 0.60, 2014: r = 0.50). HA natural enemies were
a strong predictor of this pest in all years. The eﬀect of treatment on HA was not
signiﬁcant. Collection date had a signiﬁcant eﬀect on HA populations in 2012 and
2013. There was not a signiﬁcant interaction between treatment and collection date
for HA (Table 3.7).
3.3.3 Hop Harvest Yield and Quality
Year had a signiﬁcant eﬀect on hop yield. Mean `Cascade' yield increased over the
course of this three-year study from 56.04 kg/ha in 2012 to 134.49 kg/ha in 2014.
Mean `Nugget' yield increased from 77.02 kg/ha to 139.87 kg/ha in 2014. Year also
had a signiﬁcant eﬀect on `Cascade' and `Nugget' alpha and beta acids. As expected
the eﬀect of cultivar on yield and quality were signiﬁcant. There was a signiﬁcant
year x cultivar interaction in hop quality as expected due to known diﬀerences in
quality parameters between the two cultivars. Cover crop treatment did not have an
eﬀect on hop yield or quality. Additionally, year x treatment and cultivar x treatment
interactions were not signiﬁcant. The year x cultivar x treatment three way interaction
was not signiﬁcant (Table 8).
Table 3.7: ANOVA summary statistics for HA in cover crop vegetation. F values
and signiﬁcance from linear mixed model with repeated measures are reported at 0.05
LOS.
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Table 3.8: ANOVA summary statistics for yield, alpha acid, and beta acid percent.




Our results indicate that ﬂowering cover crop treatments did not increase natural
enemy or pest abundance. Where pests were abundant, natural enemies were present.
There was a positive correlation between natural enemy groups and pests on hop
plants and in cover crop vegetation even after accounting for the eﬀect of collection
date. This indicates that natural enemies of the major Northeast arthropod pests
were present in the hop yard. Importantly, TSSM and HA that are economically
damaging in other production regions did not reach outbreak levels making insecticide
application unnecessary in this research hop yard. Our ﬁndings are evidence that
cover crops in Northeast hop production may serve more speciﬁc pest management
functions rather than boosting overall natural enemy abundance. Established red
clover served as a trap crop for PLH in this study. It is clear that natural enemy
populations were present when and where pests were abundant, yet it is unclear which
habitat provided this level of top-down pest suppression due to the lack of spatial
independence. We suggest that Northeast perimeter and hop yard landscapes may
be able to support appropriate levels of natural enemies to control pest populations
without added ﬂowering cover crop habitat. Cover crop presence did not have a
negative eﬀect on hop yield or quality.
We observed diﬀerent results in comparison to the Washington state ﬂowering
cover crop study. James et al 2009 showed a signiﬁcant reduction in TSSM and
variable reduction in HA populations. In our study TSSM and HA populations did
not increase as a result of cover crop presence yet there was little eﬀect of cover crop
treatment on TSSM and HA populations on hop plants and in cover crop vegetation.
In the case of 2014, lower TSSM abundance was observed on hop plants in Clover
and Diverse cover crop plots (Table 3.2, Fig. 3.1). This higher level of TSSM on hop
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plants in Control plots may be due to drier conditions where cover crop vegetation
was not present or lower natural enemy abundance in Control plots. Cover crop plots
were in close proximity to each other and it is likely that natural enemy assemblages
spilled over into control plots. Natural enemies of PLH and HA were present and
positively correlated with pests in cover crop vegetation. The ability to identify the
source of natural enemies is confounded by spatial independence.
Surrounding landscape is a critical factor in understanding where conservation
biological control is an appropriate IPM tool (Tscharntke et al. 2007). We suggest
that in the Northeast surrounding habitat diversity is more important than cover crop
species selection for TSSM and HA natural enemy habitat. It has been stressed that
successful conservation biological control hinges on plant species selection (Geneau
et al. 2012, Gontijo et al. 2013). While plant species selection is important for
natural enemy attraction in some systems, the diverse, research farm landscape that
surrounded our research hop yard during this study appears to have provided a level
of natural enemy habitat that reduced the need for cover crop habitat between hop
rows. In comparison to the Paciﬁc Northwest, landscape diversity in the Northeast
region is high. Additionally, hop yard size may have an eﬀect on hop arthropod pest
pressure. Western hop yards range in size from 202.3-809.3 ha while Northeastern
yards currently range from 0.4  8.0 ha. The large, bare soil, monoculture landscape
of Western hop yards appears to beneﬁt from the implementation of habitat diversity
providing biological control, yet this may not be required in Northeastern hop yards.
Our ﬁndings are evidence that cover crops in Northeastern hop production may
serve more speciﬁc pest management functions rather than boosting overall top-down
pest suppression. The non-mowed, fully established clover cover crop plots served as a
PLH trap crop. Clover cover crop plots were still establishing in 2012 when PLH were
highest in Diverse cover crop plot vegetation. In 2013, PLH numbers were highest
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on plants in Diverse plots yet highest in the Clover cover crop vegetation. This
indicates that a full stand of clover was preferred by PLH over hop plants and the
Diverse polyculture cover crop treatment. While clover was a member of the Diverse
treatment mix there was a lower density of clover in Diverse plots. Straub et al.
(2012) provided evidence of the same phenomenon in alfalfa where PLH populations
were higher in alfalfa monocultures than in mixed species alfalfa stands. Further
research should address clover trap crop size and population capacity of a clover trap
crop for PLH in hop yards.
Diﬀerences in susceptibility of hop cultivars to TSSM have been documented in
other growing regions of the world. The minor interactions observed between cul-
tivar and collection date indicate that TSSM had consistently higher abundance on
`Nugget' until the end of the season. At the end of the 2012 and 2013 seasons TSSM
`Nugget' populations decreased while `Cascade' TSSM populations increased. It is
unclear why this swapping phenomenon was observed. Essential oil content of hop
leaves, speciﬁcally farnesol, was suggested as a possible mechanism of increased sus-
ceptibility of hop cultivars to TSSM (Regev and Cone 1975). Further study found
a lack of farnesol in hop leaves (Gunson et al. 1981). `Cascade' and `Nugget' have
diﬀerent chemical proﬁles and maturity dates. `Cascade' reaches maturity before
`Nugget' and therefore we believe that higher TSSM abundance on `Nugget' is a fac-
tor of leaf chemistry or morphology rather than plant phenology. Peters and Berry
(1980) report higher TSSM development time on hop leaves with higher leaf trichome
density (Peters and Berry 1980).
It is also well documented that hop cultivars have diﬀerent susceptibility to HA
(Campbell 1983, Dorschner and Baird 1988, Weihrauch and Moreth 2005) and the
same pattern was observed in our study. HA varied by cultivar in all years with a
signiﬁcantly higher number of HA on `Cascade' in 2014. High susceptibility of `Cas-
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cade' to HA is consistent with previous research conducted in the Paciﬁc Northwest
(Dorschner and Baird 1988). Cultivar susceptibility to HA has been linked to high
essential oil content with cariophyllene and farnesene highlighted as HA feeding com-
pounds (Kralj et al. 1998). Further research on the relationship between TSSM and
HA pest abundance and leaf chemical and physical defenses should be investigated
in hopes of developing more resistant cultivars and reducing insecticide applications.
Our research indicated that neither yield nor quality diﬀered between cover crop
treatments. Growers have expressed concern about cover crop vegetation trapping
moisture and therefore increasing the presence of hop downy mildew. Although this
study did not address disease incidence and plots were preventatively sprayed with
copper hydroxide fungicide, the presence of downy mildew was observationally clear.
Because there was no decrease in yield nor quality, cover crops of the stature used
in this study did not trap enough moisture to increase hop downy mildew incidence.
However, farms have diﬀerent microclimates. Alburgh, VT, being a peninsula reach-
ing out into Lake Champlain, is a well-ventilated, windy site for a hop yard. Yearly
variation in hop yield and quality parameters seen in both cultivars is likely due to
hop plant age. Hop plant yield reaches high performance in year three (Neve 1991).
In 2012 the hop yard used in this study was two years old.
Pest management needs of Northeastern hop yards are diﬀerent from the needs
of Paciﬁc Northwest hop yards. Future research should address clover trap crop
size and clover carrying capacity for PLH management. Hop leaf chemistry and
morphology research would provide a window into bottom-up, chemical free pest
management tools. Although it was not our objective to investigate landscape sources
of natural enemies, we were forced to hypothesize in this direction. We believe it
is important to quantify how much habitat diversity is required for natural enemy
ecosystem services in the Northeast. The quantity and quality of habitat required to
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manage pest populations below economic thresholds by natural enemies is not well
understood in our region.
In conclusion, ﬂowering cover crop treatments did not increase natural enemy or
pest abundance. Where pests were abundant, natural enemies were present. Cover
crop presence did not have a negative eﬀect on hop yield or quality. Natural en-
emy groups and pests were positively correlated on hop plants and in cover crop
vegetation. Importantly, TSSM and HA are economically damaging pests in other
production regions. These species did not reach outbreak levels in our research hop
yard. It is clear that natural enemy populations were present when and where pests
were abundant, yet it remains unclear which habitat provided this level of top-down
pest suppression due to the lack of spatial independence. Northeast perimeter and
hop yard landscapes may be able to support appropriate levels of natural enemies to
control pest populations without ﬂowering cover crop implementation. Our ﬁndings
are evidence that cover crops in Northeast hop production may serve more speciﬁc
pest management functions than boosting overall natural enemy abundance. Estab-
lished red clover planted in drive rows served as a trap crop for PLH in this study.
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CHAPTER 4
IMPACT OF ADULT POTATO LEAFHOPPER FEEDING ON FIRST YEAR
HOP GAS EXCHANGE
4.1 Introduction
Potato leafhopper feeding has been reported to cause signiﬁcant yield damage to
many crops. Most recently potato leafhopper has reduced alfalfa (Medicago sativa
L.) yield by 15.7% (Kaplan et al. 2008) and dry bean yield by 20.0% (Phaseo-
lus vulgaris L.) (Lindgren and Coyne 1995). Similarly there is documentation from
New York State Agricultural Experiment Stations that potato leafhopper (Empoasca
fabae Harris) was a pest of economic importance on hops in 19th and 20th century
Northeastern hop production (Magie 1944). In 2012 Dr. Dmitry Dmitriev of the
Illinois Natural History Survey conﬁrmed leafhopper specimens from the University
of Vermont research hop yard located in Alburgh, VT as E. fabae. Two generations
of potato leafhopper have been observed on hops in Alburgh, VT (see Chapter 2).
Extension scouting and survey eﬀorts indicate the presence of this pest in hop yards
across the northeast.
Hops are fast growing perennials with approximately 5 m of annual growth occur-
ring before 21 June. In response to shorter photoperiod, hops enter the reproductive
growth stage (Neve 1991). While arrival date of potato leafhopper to the Northeast
varies depending on Southeastern degree-days and northerly trade winds, the pest
typically arrives to the region in late spring (Sidumo et al. 2005). Because potato
leafhopper is generally an early season pest and causes foliar damage to hops during
vegetative development, it is a pest of concern for hop production in this region.
As a cell rupture feeder, potato leafhopper consumes leaf and stem vascular tissue
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or mesophyll cells by continually injecting its stylet into host plant tissue (Hunter and
Backus 1989, Backus et al. 2005). Potato leafhopper is known to feed on more than
200 plant species (Lamp et al. 1994). Due to this high degree of polyphagy, the species
has slightly diﬀerent methods of feeding on diﬀerent host plants (Hunter and Backus
1989). A combination of mechanical and saliva release actions cause a cascade of host
plant wound responses. Potato leafhopper saliva has long been described as toxic and
recent evidence revealed diverse composition of genes in the species saliva provoking
further investigation (Delay et al. 2012). One known response is the restriction of
phloem and eventual xylem ﬂow to the rest of the leaf (Nielsen et al. 1990), resulting
in visual leaf edge yellowing and curling (hopperburn), and stunted internode growth
(Backus et al. 2005).
The immediate restriction of photosynthates through vascular tissue impacts the
rate at which an injured leaf photosynthesizes (Womack 1984, Flinn et al. 1990, Lamp
et al. 2004). Gas exchange measurements including net photosynthesis, transpiration,
and stomatal conductance in addition to leaf chlorophyll content have been used
to measure potato leafhopper injury impact to alfalfa and grape (Vitis vinifera L.)
cultivars (Lamp et al. 2004, 2007, 2011, Lenz et al. 2012). Upon removal of potato
leafhoppers physically or with an insecticide spray, alfalfa has been shown to restore
gas exchange after 7 d of recovery (Lamp et al. 2007). The visual symptoms of
hopperburn, measured with a chlorophyll meter, do not appear until approximately
5 d after injury (Granovsky 1928). At this point the plant may have already begun
to recover gas exchange.
Potato leafhoppers are reported to cause the most severe damage to young grape
leaves (Lamp et al. 2011) and alfalfa re-growth (Backus et al. 2005). Observations
in the region have indicated that in years with high abundance of potato leafhopper
death of ﬁrst year hop plants has occurred. It is unclear if potato leafhoppers actually
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prefer young hop plants and if this added preference predisposes young plants to be
at greater risk for long term damage. Protecting ﬁrst year plants would be critical as
hop production and success in year one sets the stage for this perennial's subsequent
production years.
Plants and herbivores have developed complex chemical and physical defense
mechanisms through coevolution (Futuyma 2000). Plant resistance to herbivores is
a tool used in agriculture to promote bottom-up pest suppression in integrated pest
management programs. A range of cultivar susceptibility to potato leafhopper has
been shown in alfalfa, grape, dry bean, and potato (Schaafsma et al. 1998, Gonzales
et al. 2004, Kaplan et al. 2008, Lamp et al. 2011). Alfalfa cultivars have been bred
for chemical resistance to potato leafhopper (Shockly and Backus 2002). Ranger et
al. (2005) indicated disorientation followed by deterrent volatile chemistry as the two
lines of plant defense in resistant alfalfa cultivars. Resistant cultivars have more dense
leaf and stem glandular trichomes (Elden and McCaslin 1997) in comparison to the
more susceptible cultivars. Varying degree of damage has been reported on diﬀerent
cultivars of two and three year old plants. It is unclear if potato leafhoppers diﬀer in
their preference for speciﬁc hop cultivars.
The objectives of this research were to 1) measure the physiological response of
ﬁrst year hop leaves to adult potato leafhopper feeding, 2) measure ﬁrst year hop leaf
recovery from potato leafhopper injury, and 3) compare the physiological response to





4.2 Materials and Methods
4.2.1 Cultivar Selection
Eight USDA bred hop cultivars were selected for the leafhopper studies based on two
previous years of ﬁeld scouting. Field potato leafhopper scouting occurred on second
and third year old hop plants in a research variety trial containing 22 hop cultivars in
Alburgh, VT. The mean number of leafhoppers per leaf counted in 2012 and 2013 are
reported in Figure 4.1. Among available and virus free cultivars, four with a mean
less than two and four with a mean greater than two leafhoppers per leaf were chosen
for this study. Cultivars chosen for ﬁeld and greenhouse gas exchange experiments
included `Horizon', `Cascade', `Centennial', `Nugget', as low level leafhopper cultivars
and `Newport', `Mt. Hood', `Chrystal', `Liberty' as high level leafhopper cultivars.
Second year plugs were purchased and shipped from Great Lakes Hops, Zeeland, MI
on 2 April 2014. Vegetative cuttings were taken from mother plants. The rooting
end of each cutting was dipped in water, then in rooting hormone powder (Hormonin
1, OHP, Inc., Mainland, PA), and inserted into a 3.2 cm rootcube (Oasis Rootcubes,
Oasis Grower Solutions, Kent, OH). Two weeks later, propagated plants were planted
into 7.6 x 12.7 cm plastic pots. Plants for the ﬁeld experiment were planted in a
compost based potting mix (Fort Vee, Vermont Compost Company, Montpelier, VT).
Plants for the greenhouse experiment were planted in Fafard 3B potting mix (Fafard
3B, Sun Gro Horticulture, Agawam, MA). Field plants were grown for an additional
two weeks in the greenhouse at 21 ± 5°C and then for one week outside in pots before
they were transplanted into the ground. Greenhouse plants were grown in pots for
seven weeks in the greenhouse at 21 ± 5°C before experiments and never fertilized.
Mother plants were fertilized once per month with 17-4-17 synthetic fertilizer (Jack's
Professional LX, Allentown, PA).
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Figure 4.1: The number of potato leafhopper nymphs and adults scouted on hop
plants in the ﬁeld. Values are a mean of 2012 and 2013 potato leafhoppers on second
and third year old plants. `Horizon', `Cascade', `Nugget', `Centennial', `Crystal',
`Newport', `Mt. Hood', and `Liberty' were chosen for further study.
4.2.2 Leafhopper Colony
Potato leafhoppers were collected from an alfalfa ﬁeld in Grand Isle, VT on August
10, 2013 with a 25 CC 2-cycle gas engine reverse leaf blower (Poulan PRO BVM210VS,
Charlotte, NC). They were aspirated, isolated from other ﬁeld collected insects, and
reared on greenhouse grown fava bean, Vicia faba var. `Windsor' (Territorial Seed
Co., Cottage Grove, OR). The colony was maintained in several .3 x .3 m mesh cages
(S1 Caterpillar Castle, Live Monarch, Boca Raton, FL)in a laboratory room set to
23.8 ± 2 °C under 15:9 (L:D). There were three to four fava bean plants per cage at
any given time. Fava bean seeds were planted in Fafard 3B potting mix (Fafard 3B,




A 0.05 ha area was prepared with a moldboard plow, disked, and ﬁnished with a spike
tooth harrow. On 12 May 2014 a 3 m standard trellis system was constructed on the
Benson rocky silt-loam soil type, conventionally managed land. This experimental
hop yard was 84 m long x 5.5 m wide. Black 0.9 m wide landscape fabric (Dewitt
P3 Pro 5 Weed Barrier Fabric) was stapled down in two rows and holes were cut 0.5
m apart in the fabric before planting. Field plants were planted on 3 June 2014 at
Borderview Farm in Alburgh, VT in a split plot randomized complete block design,
replicated ﬁve times. Each replicate included a Healthy control block that was not
exposed to potato leafhopper and an Injured block that was exposed to adult potato
leafhoppers. Each block had two plants/hill of each hop cultivar, for a total of eight
hills per plot. Treatment was considered the main plot and cultivar was considered the
subplot. After ﬁeld planting, a drip irrigation system was installed (Drip Irrigation
Systems, Growers Supply, Dyersville, IA) and plants were irrigated as needed. The
3.6 m wide drive row was planted with a forage mixture (white and ladino clovers,
Trifolium repens L. and meadow fescue, Festuca pratensis Huds.) using a 3.08 m
Kvernaland drill at a rate of 1.4 kg/ha. Drive row ground cover was mowed regularly.
Two leaves of each plant were scouted for two spotted spider mite, hop aphid,
and potato leafhopper presence on 1 and 22 July 2014. Two-spotted spider mites
and leafhoppers were present in pockets of the experimental hop yard at low levels.
All plants were sprayed with Pyganic (Pyganic Crop Protection EC 1.411, MGK,
Minneapolis, MN) on 22 July 2014 at a rate of 8.09 ﬂ oz/ha. Naturally occurring
pest arthropods were also counted on sampled leaves each collection day.
Net photosynthesis, stomatal conductance, and transpiration were measured using
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a LI-6400 Photosynthesis Measurement System (LI-COR Inc., Lincoln, NE). Net pho-
tosynthesis and transpiration gas exchange results were more eﬀective than stomatal
conductance. Therefore stomatal conductance is reported in Appendix B. A SPAD-
501 chlorophyll meter (Konica Minolta Sensing Inc., Japan) was used to measure leaf
chlorophyll content. For gas exchange and chlorophyll content measurements, the
more vigorous plant per hop hill was selected. On this plant, one of the two leaves
of the third leaf pair from the top of the plant was measured. The third leaf-pair
is a fully expanded but young hop leaf and has been documented to have trichome
density similar to that of leaf-pairs one-seven (Oliveira and Pais 1988). The one sam-
pled leaf per plant was tagged with a silver twist tie, twisted loosely around the leaf
pediole. One gas exchange reading was taken per leaf while ﬁve SPAD readings were
taken per leaf on each collection date. Plants were scouted for two-spotted spider
mites, thrips, and aphids before measurements on each collection date. The number
of potato leafhoppers left in Injured treatment bags was counted when the bag was
removed.
LI-6400 and SPAD readings were taken from the same leaf on three dates. The
ﬁrst was a baseline measurement taken on 8 August 2014. Both Healthy and to
be Injured leaves were sampled before any leafhoppers were released. Three, three-
ﬁve day old adult potato leafhoppers were then aspirated from the colony into 7 x
7cm and 14 x 10 cm white, drawstring mesh bags (Celebrate It Occasions Organza
Bags, Michaels, Irving, TX). Hop leaf size varies by cultivar. Two size bags were
used to ensure that the bag stayed on each leaf. To attach bags to leaves in Injured
blocks without losing leafhoppers, a bag was quickly opened, pulled over the hop leaf,
and closed. Identical bags were also attached and secured to tagged hop leaves in
Healthy blocks to account for the inﬂuence of the bag on gas exchange. After 3 d of
leafhopper exposure LI-6400 and SPAD readings were taken immediately after bags
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were removed from leaves on 11 August 2014. The third, collection date measured
recovery from potato leafhopper injury and occurred on 29 August 2014, 18 d after
bags and leafhoppers were removed. Both LI-6400 and SPAD readings were taken
from the same leaf before leafhopper exposure, after leafhopper exposure, and 18 days
after leafhopper removal. LI-6400 measurements were taken on sunny days between
the hours of 10 am and 2 pm and measured gas exchange under standard levels of CO2
(400 µmol-1) with a leaf area of 6 cm2. The light source was natural light Sun+Sky.
The LI-6400 collected light intensity readings for each gas exchange measurement
taken (Fig. 4.2).
4.2.4 Greenhouse Experiment
The ﬁeld experiment was replicated in the University of Vermont greenhouse in
Burlington, VT under the same methods described above. The greenhouse experiment
was also conducted in a split plot randomized complete block design, replicated ﬁve
times. Plants remained in their 7.6 x 12.7 cm plastic pots throughout the duration
of their use. Pots were placed randomly within split plot block formation on a south
facing greenhouse bench. There were two rounds of this experiment due to plant
propagation space limitations. Round one included replications one and two. Round
two included replications three, four, and ﬁve. In greenhouse experiments LI-6400
and SPAD recovery readings were taken 7 d after potato leafhoppers and bags were
removed from leaves.
Figure 4.2: Light intensity table of means (± SEM). There was no signiﬁcant dif-
ference between treatments in the ﬁeld or greenhouse.
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Plants used in round one were planted on 23 September 2014 and the experiment
commenced on 28 October 2014 with baseline LI-6400 and SPAD readings. The
second (3 d) and third (7 d) readings were taken on 31 October 2014 and 7 November
2014, respectively. Plants used in the second round were planted on 25 November
2014 and the experiment commenced on 6 January 2015 with baseline LI-6400 and
SPAD readings. The second (3 d) and third (7 d) readings were taken on 9 January
2014 and 16 January 2014, respectively. The greenhouse house was climate controlled
under the same temperature as the leafhopper colony of 23.8 ± 2 °C and 15:9 (L:D)
while plants grew. During experiments the temperature was reduced to 16.6 ± 2 °C
in order to keep potato leafhoppers alive inside bags on Injured leaves.
4.2.5 Data Analysis
A linear mixed model with repeated measures (PROC MIXED, SAS Institute 2014)
was used to evaluate net photosynthesis, transpiration, and chlorophyll in both ﬁeld
and greenhouse hop plants exposed (Injured) and not exposed (Healthy) to potato
leafhopper. The mean of ﬁve SPAD readings per collection date was used for chloro-
phyll analyses. LI-6400 and SPAD data from the ﬁeld and greenhouse were analyzed
separately. Gas exchange and chlorophyll measurements were analyzed within indi-
vidual days of data collection. Baseline Measurement and Day 3 Measurement were
included in each model to account for the eﬀect of leaf history. The ﬁxed eﬀects
for the post exposure measurement (3 d) included the number of potato leafhoppers
still alive after bags were removed (PLH Alive), the number of two-spotted spi-
der mites on sampled leaves (TSSM), Baseline Measurement, Treatment, Cultivar,
and Cultivar x Treatment. The ﬁxed eﬀects for the recovery measurement included
Day 3 Measurement, Treatment, Cultivar, and Cultivar x Treatment. Light intensity
analysis showed no signiﬁcant diﬀerence between treatments and was therefore not
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included in models. Cultivar `Horizon' grew poorly in the ﬁeld making 18 d recovery
readings impossible. Therefore, `Horizon' was removed from the ﬁeld 18 d analysis.
All statistics were run at the 0.05 LOS and generated using SAS software, Version
9.4 (Copyright 2014 by SAS Institute Inc., Cary, NC, USA).
4.3 Results
4.3.0.1 Field Experiment
After three days of leafhopper feeding, neither the number of leafhoppers left in
bags nor the number of two-spotted spider mites counted on sampled leaves had
an eﬀect on gas exchange or chlorophyll. Baseline measurements did not have a
signiﬁcant eﬀect on gas exchange or chlorophyll. There was a signiﬁcant eﬀect of
treatment where injured leaves showed a reduction in gas exchange and chlorophyll
content. Net photosynthesis was reduced by 32.8% and transpiration was reduced
by 53.0%. There was a signiﬁcant eﬀect of cultivar on gas exchange and chlorophyll
content. There was no signiﬁcant interaction between cultivar and treatment for net
photosynthesis or chlorophyll. There was a signiﬁcant interaction between cultivar
and treatment for transpiration (Table 1).
Eighteen days after potato leafhoppers were removed, the day 3 measurement had
a signiﬁcant eﬀect on gas exchange and chlorophyll. There was no signiﬁcant eﬀect
of treatment on gas exchange or chlorophyll indicating that leaves recovered from
leafhopper injury. Cultivar did not have a signiﬁcant eﬀect on gas exchange. There
was a signiﬁcant eﬀect of cultivar on chlorophyll content where injured leaves had
lower chlorophyll content. This is likely due to high `Liberty' values (Fig. A.21).
There was no signiﬁcant interaction between cultivar and treatment (Table 1).
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Table 4.1: Field ANOVA summary statistics of gas exchange and chlorophyll on
single leaves of eight cultivars exposed to potato leafhoppers for 3 d and 18 d after
leafhopper removal.
Table 4.2: Field means (± SEM) of gas exchange and chlorophyll on single leaves of
eight cultivars exposed to potato leafhoppers for 3 d and 18 d after leafhopper removal.
Signiﬁcance is noted where Healthy treatment mean was signiﬁcantly higher than
Injured at the 0.05 LOS.
85
Figure 4.3: Mean ﬁeld net photosynthesis (µmol Co2 m
-2s-1) by treatment after 3 d
of exposure to three adult potato leafhoppers and 18 d after feeding injury.
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Figure 4.4: Mean ﬁeld transpiration (mmol H2O m
-2s-1) by treatment after 3 d of
exposure to three adult potato leafhoppers and 18 d after feeding injury.
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4.3.1 Greenhouse Experiment
After three days of leafhopper feeding, neither the number of leafhoppers left in
bags nor the number of two-spotted spider mites counted on sampled leaves had
an eﬀect on gas exchange or chlorophyll. Baseline measurements did not have a
signiﬁcant eﬀect on net photosynthesis. Baseline measurement did have a signiﬁcant
eﬀect on transpiration and chlorophyll. There was a signiﬁcant eﬀect of treatment
where Injured leaves showed a reduction in gas exchange. Net photosynthesis was
reduced by 55.9% and transpiration was reduced by 65.6%. There was no signiﬁcant
eﬀect of treatment on chlorophyll content. There was no signiﬁcant eﬀect of cultivar
on gas exchange. There was a signiﬁcant eﬀect of cultivar on chlorophyll content
where Healthy leaf pigment was slightly lower than Injured. There was no signiﬁcant
interaction between cultivar and treatment for gas exchange or chlorophyll (Table 3).
Seven days after potato leafhoppers were removed there was no signiﬁcant eﬀect
of day 3 measurement on gas exchange. There was a signiﬁcant eﬀect of day 3
history on chlorophyll content. There was not a signiﬁcant eﬀect of treatment on net
photosynthesis indicating that leaves restored gas exchange. Treatment did have a
slightly signiﬁcant eﬀect on transpiration where Injured leaves remained lower than
Healthy leaves. Treatment also had a signiﬁcant eﬀect on chlorophyll where Injured
leaves had lower chlorophyll content likely due to hopperburn. Cultivar did not
have a signiﬁcant eﬀect on gas exchange. There was a signiﬁcant eﬀect of cultivar
on chlorophyll content likely due to low `Liberty' values. There was no signiﬁcant
interaction between cultivar and treatment for gas exchange. However, there was a
signiﬁcant interaction between cultivar and treatment for chlorophyll, also likely due
to low `Liberty' values (Table 3, Fig. A.27).
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Table 4.3: Greenhouse ANOVA summary statistics of gas exchange and chlorophyll
on single leaves of eight cultivars exposed to potato leafhoppers for 3 d and 7 d after
leafhopper removal.
Table 4.4: Greenhouse means (± SEM) of gas exchange and chlorophyll on single
leaves of eight cultivars exposed to potato leafhoppers for 3 d and 7 d after leafhopper
removal. Signiﬁcance is noted where Healthy treatment mean was signiﬁcantly
higher than Injured at the 0.05 LOS.
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Figure 4.5: Mean greenhouse net photosynthesis (µmol Co2 m
-2s-1) by treatment
after 3 d of exposure to three adult potato leafhoppers and 7 d after feeding injury.
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Figure 4.6: Mean greenhouse transpiration (mmol H2O m
-2s-1) by treatment after
3 d of exposure to three adult potato leafhoppers and 7 d after feeding injury.
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4.4 Discussion
The primary objective of this research were to measure the physiological response of
ﬁrst year hop leaves to adult potato leafhopper feeding and determine if these leaves
are able to recover from the injury. Potato leafhopper feeding on one year old plants
reduced net photosynthesis by 32.8% in the ﬁeld and 53.0% in the greenhouse. If
three days of exposure to three leafhoppers resulted in 50% reduction in gas exchange
it is plausible to think that repeated exposure even at low levels of leafhoppers could
lead to death of a plant with limited foliage growth such as that of ﬁrst year plants .
Under the second objective of this research, when leafhoppers were removed, gas
exchange was restored. This ﬁnding suggests that if potato leafhoppers were removed,
plants could recover from the damage incurred. The current option for potato leafhop-
per removal is broad-spectrum insecticide application. Hop research conducted in
the Paciﬁc Northwest indicates high risk of yield and quality loss from secondary
outbreaks of two-spotted spider mites when broad-spectrum insecticide sprays are
applied to control hop aphid (Phorodon humuli Schrank) (James and Price 2002,
James 2003). In eﬀorts to control potato leafhopper Vermont, growers have sprayed
broad-spectrum products. This action has also resulted in two-spotted spider mite
secondary outbreak. It will be important to further our understanding of economic
thresholds for potato leafhoppers in ﬁrst year plants to limit application of pesticides
that may have other indirect eﬀects.
The ﬁnal objective of this experiment was to compare the physiological response
to potato leafhopper feeding between eight hop cultivars. Hop cultivars did not
vary in physiological response to adult potato leafhopper feeding on leaves of ﬁrst
year plants. Regardless of cultivar, potato leafhopper feeding reduced gas exchange
signiﬁcantly in ﬁeld and greenhouse experiments. Variation in cultivar resistance to
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potato leafhopper damage has been observed in older hop plants (Fig. 4.1). It is
unclear if ﬁrst year hop plants have diﬀerent cues that inﬂuence leafhopper feeding
preference over older plants. Host plant color has been shown to be the mechanism
behind potato leafhopper feeding preference in dry bean (Bullas-Appleton 2004). In
addition, this experiment did not provide the leafhoppers with a cultivar choice,
forcing leafhoppers to feed the leaf presented. If provided a choice between cultivars
in a hop yard potato leafhoppers may show preference for some cultivars over others.
Shockley and Backus (2002) provided supportive evidence where potato leafhoppers
settled on resistant alfalfa cultivars when no alternative is presented.
Cultivars of other host plants range in resistance to potato leafhopper and we
suggest further research on hop leaf morphology and chemistry in order to understand
hop cultivar resistance to potato leafhopper (Shockly and Backus 2002, Lefko et
al. 2000). The abaxial side of hop leaves have two types of glandular trichomes:
peltate and bulbous. Both are present on hop cone bracts and leaves with the highest
concentration in hop cones (Oliveira and Pais 1988). Peltate trichomes are commonly
referred to as lupulin glands. Female hop cones are harvested for essential oil and
bittering compounds secreted by both trichome types for beer brewing. Therefore,
hundreds of hop cultivars have been bred for their variation in hop cone lupulin gland
chemical composition (Almaguer et al. 2014). These breeding choices may have an
eﬀect on bottom-up pest suppression.
Many new hop yards in the Northeast are adjacent to perennial mixed stands of
grass and legumes. There have been several reports to Extension of potato leafhop-
per migration to hop yards directly after cutting nearby perennial forage. While
adult potato leafhoppers survived on fava bean, alfalfa, and grape, potato leafhopper
nymphs preferred fava bean over alfalfa and grape (Lamp et al. 2011). Choice exper-
iments should address potato leafhopper preference between alfalfa, clover, and hop.
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Cover and trap crop habitat management is feasible given the layout of hop yards.
Evidence is provided in Chapter 3 for potato leafhopper preference for red clover
over hop. If a preferred host plant was planted in or surrounding hop yards adjacent
to harvested alfalfa ﬁelds, potato leafhopper damage to hops could be reduced and
insecticide applications avoided.
The current option for potato leafhopper removal is broad-spectrum insecticide
application. Hop research conducted in the Paciﬁc Northwest indicates high risk of
yield and quality loss from secondary outbreaks of two-spotted spider mites when
broad-spectrum insecticide sprays are applied to control hop aphid (James and Price
2002, James 2003). In eﬀorts to control potato leafhopper Vermont, growers have
sprayed broad-spectrum products. This action has also resulted in two-spotted spider
mite secondary outbreak. In agreement with the National Research Council (1996),
cultivar resistance and habitat management schemes are the future of pest manage-
ment. This work sets the stage for economic threshold development and studies that
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A.1.1 Sampling Method Comparison
Table A.1: Pest season sums regardless of cover crop treatment in hop canopy by
collection method (Vacuum, Sticky trap, Detail) and combined (Total).
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Table A.2: Most abundant natural enemy season sums by collection method (Vac-
uum, Sticky trap, Detail) and combined (Total).
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Table A.3: Peak date and mean number of individuals/sample or sticky trap (±
SEM) for each major hop pest. Values are from the most representative collection
method (plants vacuumed or sticky traps) for each pest and year.
110
A.1.2 Detail Arthropod Sampling
In addition to sticky trap and vacuum sampling, naked eye counts of arthropods
on leaves after vacuuming was conducted. This sampling was called detail sampling.
Three leaves were scouted top and bottom with optivisor glasses on each vacuumed
plant, each vacuum collection date in the 2012-2014 collection seasons. Arthropods
were summed on a per plot bases by cultivar. As expected, detail sampling did not
capture the abundance that vacuum samples and sticky traps oﬀer.
Table A.4: Pest : natural enemy ratios for each collection year by vacuum and sticky
trap collection methods. Natural enemy populations built over time. Treatments are
pooled together.
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Table A.5: ANOVA summary statistics for detail sampled two-spotted spider mites.
F values and signiﬁcance from linear mixed model with repeated measures is reported
at the 0.05 LOS for 2012, 2013, and 2014.
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Table A.6: ANOVA summary statistics for detail sampled potato leafhopper. F
values and signiﬁcance from linear mixed model with repeated measures is reported
at the 0.05 LOS for 2012, 2013, and 2014.
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Table A.7: ANOVA summary statistics for detail sampled hop aphid. F values and
signiﬁcance from linear mixed model with repeated measures is reported at the 0.05
LOS for 2012, 2013, and 2014.
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A.1.3 Two-spotted Spider Mite Sticky Trap Data
In an eﬀort to present results from a consistent arthropod collection method, two-
spotted spider mite sticky trap data are not in Chapter 3.
Table A.8: ANOVA summary statistics for two-spotted spider mites collected on
sticky traps. F values and signiﬁcance from linear mixed model with repeated mea-
sures is reported at the 0.05 LOS for 2012, 2013, and 2014.
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A.1.4 Aphid and Potato Leafhopper Vacuum Sampling Data
In an eﬀort to present results from a consistent arthropod collection method, potato
leafhopper and hop aphid vacuum data are not in Chapter 3. The vacuum data for
hop aphids in 2013 is a better representation of the population with a peak date of
21-Aug and mean of 12. Overall, the aphids collected were apterous which provides
an argument for using vacuum data because aphids could not ﬂy to sticky traps. The
aphids recorded on sticky traps must have been blown to them.
Table A.9: ANOVA summary statistics for potato leafhopper from vacuum samples.
F values and signiﬁcance from linear mixed model with repeated measures is reported
at the 0.05 LOS for 2012, 2013, and 2014.
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Table A.10: ANOVA summary statistics for hop aphid from vacuum samples. F
values and signiﬁcance from linear mixed model with repeated measures is reported
at the 0.05 LOS for 2012, 2013, and 2014.
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A.1.5 Pest Interaction Figures
There were interesting but minor interactions in Chapter 3 ANOVA tables.
Figure A.1: Cultivar and date for TSSM/vacuum sample in 2012 (P < 0.0001).
TSSM was higher on `Nugget' until late August when the population on `Nugget'
decreased and `Cascade' increased.
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Figure A.2: Cultivar by date for TSSM/vacuum sample in 2013 (P < 0.0001).
TSSM was higher on `Nugget' until late August when the population on `Nugget'
decreased and `Cascade' increased.
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Figure A.3: Signiﬁcant interaction between cultivar and date for TSSM/vacuum
sample in 2014 (P = 0.0003). In 2014, TSSM remained higher on Nugget throughout
the season.
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Figure A.4: Treatment and collection date for TSSM/vacuum sample in 2014 cover
crop vegetation (P = 0.03). Clover vegetation had the highest TSSM peak which al-
ternated with Control plots. TSSM abundance remained lowest in Diverse vegetation
throughout the season.
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Figure A.5: Cultivar and date for PLH/sticky trap in 2014 (P = 0.04). There was
higher PLH abundance on `Cascade'.
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Figure A.6: Treatment and collection date for PLH/sticky trap in 2014. PLH was
more abundant in Diverse plots likely due to Clover senescence. The late arrival of
PLH in 2014 was uncharacteristic.
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Figure A.7: Treatment and cultivar for HA in 2013 (P = 0.02).There was a signiﬁ-
cant interaction between treatment and cultivar in 2013. `Nugget' Control and Clover
plants had higher HA abundance yet more HA were observed on `Cascade' plants in
Diverse plots.
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Figure A.8: Cultivar and date for HA/sticky trap in 2014 (P = 0.04). Abundance
of HA spiked on `Cascade' early in the season and remained highest on `Cascade'
through the late season spike.
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Figure A.9: Treatment and collection date for HA/sticky trap in 2014 cover crop veg-
etation (P = 0.04). Clover vegetation had the highest mean TSSM population while
aphid populations in Diverse plots spiked twice. The Diverse population dropped
earlier and remained lower than Control and Clover treatments.
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Figure A.10: Treatment and collection date for PLH/vacuum sample (P = 0.023)
in 2013. Abundance of PLH on hop plants in Control plots remained lower than on
plants in Clover and Diverse but overall had similar abundance.
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Figure A.11: Treatment and collection date for PLH/vacuum sample (P = 0.015)
in 2014. Abundance of PLH on hop plants in Control plots spiked later and to a
higher level than Clover and Diverse plots.
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A.1.6 Pest Phenology Figures
Figure A.12: Phenology of TSSM by year on hop plants from vacuum samples.
Cultivars are combined. Collection date was signiﬁcant with populations of TSSM
peaking in early to mid-August.
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Figure A.13: PLH phenology by year on hop plants from sticky traps. Cultivars were
combined and Julian date represents collection days. Collection date was signiﬁcant
in all years with populations of PLH peaking on 10 July in 2012 and 2013. In 2014,
PLH peaked on 12 August.
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Figure A.14: HA phenology by year on hop plants from vacuum samples. Cultivars
were combined and Julian date represents collection days. The eﬀect of collection
date was signiﬁcant in all years with HA populations peaking in early to mid-August.
In 2013 HA were less abundant with an earlier peak date in June.
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A.1.7 Drive Row Nitrogen
One soil sample was taken from each drive row cover crop treatment after hop
harvest. Five soil cores were taken per cover crop plot in a z-shaped pattern. Soil was
mixed in a bucket and a subsample was taken. Soil was analyzed for plant available
nitrogen (NO3-N mg/kg) at the University of Vermont Soil Testing Laboratory. Soil
samples were taken on 6 September 2012, 23 August 2013, and 18 September 2014.
Soil analyses indicate no signiﬁcant diﬀerence between nitrate levels in cover crop
drive row treatments over the course of the three collection years. Soil nitrates were
evaluated using generalized mixed model analysis (PROC GLM, SAS Institute 2014).
Fixed eﬀects in this model included year, cover crop treatment, and year x treatment.
Figure A.15: Soil nitrate as part of total nitrogen (NO3-N) did not vary signiﬁcantly
by cover crop treatment between 2012, 2013, and 2014.
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A.2 Chapter 4
A.2.1 Stomatal Conductance Analyses
Due to the similarity of transpiration and stomatal conductance, this gas exchange
measure is not reported in the text tables.
Table A.11: ANOVA summary statistics for stomatal conductance (mol H2O m
-2s-1)
in the ﬁeld after 3 d of exposure to potato leafhopper and 18 d of recovery from injury.
F values and signiﬁcance from linear mixed model are reported at 0.05 LOS.
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Table A.12: ANOVA summary statistics for stomatal conductance (mol H2O m
-2s-1)
in the greenhouse after 3 d of exposure to potato leafhopper and 7 d of recovery from
injury. F values and signiﬁcance from linear mixed model are reported at 0.05 LOS.
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A.2.2 Field Treatment Graphs with Cultivar Unpooled
Figure A.16: Field net photosynthesis (µmol Co2 m
-2s-1) for eight hop cultivars after
3 d of individual leaf exposure to three adult potato leafhoppers.
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Figure A.17: Field net photosynthesis (µmol Co2 m
-2s-1) for seven hop cultivars
18 d after leafhopper removal. Cultivar `Horizon' leaves did not survive to recovery
measurements.
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Figure A.18: Field transpiration (mmol H2O m
-2s-1) for eight hop cultivars after 3
d of individual leaf exposure to three adult potato leafhoppers.
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Figure A.19: Field transpiration (mmol H2O m
-2s-1) for seven hop cultivars 18
d after leafhopper removal. Cultivar `Horizon' leaves did not survive to recovery
measurements.
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Figure A.20: Mean ﬁeld leaf chlorophyll content for eight hop cultivars after 3 d of
individual leaf exposure to three adult potato leafhoppers.
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Figure A.21: Mean ﬁeld leaf chlorophyll content for eight hop cultivars after 18 d of
individual leaf exposure to three adult potato leafhoppers. Cultivar `Horizon' leaves
did not survive to recovery measurements.
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A.2.3 Greenhouse Treatment Graphs with Cultivar Unpooled
Figure A.22: Greenhouse net photosynthesis (µmol Co2 m
-2s-1) for eight hop culti-
vars after 3 d of exposure to three adult potato leafhoppers.
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Figure A.23: Greenhouse net photosynthesis (µmol Co2 m
-2s-1) for eight hop culti-
vars 7 d after leafhopper removal.
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Figure A.24: Greenhouse transpiration (mmol H2O m
-2s-1) for eight hop cultivars
after 3 d of individual leaf exposure to three adult potato leafhoppers.
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Figure A.25: Greenhouse transpiration (mmol H2O m
-2s-1) for eight hop cultivars
7 d after leafhopper removal.
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Figure A.26: Mean greenhouse leaf chlorophyll content for eight hop cultivars after
3 d of individual leaf exposure to three adult potato leafhoppers.
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Figure A.27: Mean greenhouse leaf chlorophyll content for eight hop cultivars after
18 d of individual leaf exposure to three adult potato leafhoppers.
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A.3 Preliminary Hop Cultivar Resistance Mechanisms
Hop Leaf Trichome Counts
A.3.0.1 Materials and Methods
After the Chapter 4 greenhouse experiment, ﬁrst year hop plants were used for
leaf peltate and boulbus trichome counts. Leaf trichomes were counted with a SZ-
CTV Olympus dissecting microscope at 10x. Counts were made from a picture image
displayed on a computer screen. Pictures were taken with a Leica DFC 320 camera
attached to the microscope. The ﬁeld of view was an area of 61.64 cm2. One third
leaf pair and one ﬁfth leaf pair was randomly selected from each plant. Trichomes
were counted at one leaf and one midrib location chosen at random per leaf.
Counts were square root transformed to ﬁt a normal distribution. A linear mixed
model with repeated measures (PROC MIXED, SAS Institute 2014) was used to
evaluate trichome counts between third and ﬁfth leaf pairs, leaf and midrib location
on leaf, and the eight cultivars. The ﬁxed eﬀects included Cultivar, Leaf Pair, Cultivar
x Leaf Pair, Location on Leaf, Cultivar x Location on Leaf, Leaf Pair x Location on
Leaf. All statistics were run at the .05 LOS and generated using SAS software, Version
9.4 (Copyright 2014 by SAS Institute Inc., Cary, NC, USA).
A.3.0.2 Results and Discussion
Cultivars varied signiﬁcantly in the number of both trichome types. Third leaf pairs
had signiﬁcantly higher mean density of peltate trichomes (lupulin glands) compared
to bulbous trichomes. Leaf locations had signiﬁcantly higher mean number of all
trichomes than midribs. Leaf midribs exhibited very few trichomes. There were sig-
niﬁcant interactions between Cultivar x Location on Leaf and Leaf Pair x Location
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on Leaf. Importantly, the hop cultivars that were observed to have a high number
of potato leafhoppers/leaf in the ﬁeld included 'Liberty', 'Crystal', 'Newport', Mt.
Hood' (Figure 4.1). 'Liberty', 'Crystal', 'Mt. Hood', were observed to have an espe-
cially low number of lupulin glands (peltate trichomes) on the ﬁrst year hop plants
sampled (Figure 5.2).
Table A.13: ANOVA summary statistics for ﬁrst year hop leaf trichome counts
under a dissecting microscope ﬁeld of view of 61.64 cm2. F values and signiﬁcance
from linear mixed model are reported at 0.05 LOS.
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Figure A.28: Mean number of leaf lupulin glands (peltate type) on leaf tissue. Leaf
pairs are signiﬁcantly diﬀerent. Pairwise comparisons were not made.
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Figure A.29: Mean number of lupulin glands (peltate type) on leaf midrib. Leaf
pairs are signiﬁcantly diﬀerent. Pairwise comparisons were not made.
150
Figure A.30: Mean number of leaf trichomes (bulbous type) on leaf tissue. Leaf
pairs are signiﬁcantly diﬀerent. Pairwise comparisons were not made.
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Figure A.31: Mean number of leaf trichomes (bulbous type) on leaf midrib. Leaf
pairs are signiﬁcantly diﬀerent. Pairwise comparisons were not made.
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